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EXECUTIVE SUMMARY

This report provides a detailed characterization of the ground motions that might affect Jackson

Lake Dam due to a large earthquake on the Teton fault. The Teton fault is an active normal fault

capable of producing M 7+ earthquakes. The surface trace of the fault is located 12 km (7 mi)

west of Jackson Lake Dam. The fault plane dips to the east, likely extending to a position below

the dam. This report is based on regional seismic monitoring data, empirical site response

measurements, results of previous geologic investigations, and ground motion modelling. 

This report examines ground motions from the Teton fault only. While there are other sources of

earthquakes in the region, previous probabilistic seismic hazard analyses by Reclamation indicate

that the Teton fault is the controlling seismic source based on proximity, activity rates, and

maximum earthquake magnitudes. At some locations on the dam which are more susceptible to

liquefaction, ground motions from additional sources may be significant. The emphasis in the

current ground motion analyses is therefore to characterize potential Teton fault earthquakes, and

to investigate the effects of geologic structure on seismic wave propagation and site response.

This report provides design ground motions that are intended to be used as input for engineering

analyses of the dam.

Teton Fault Characterization

Scarps formed by multiple latest Quaternary surface-faulting events mark the 60-km (37-mi) long

trace of the Teton fault. Maximum slip rates appear to be in the range of 2 to 5 mm/yr along

sections of the fault closest to the dam. Limitations in available geomorphic data result in a factor

of 2 uncertainty in these slip rate estimates, as well as uncertainty in fault segmentation models.

Several alternative rupture models are therefore considered, which incorporate a range of possible

scenarios. From among these models, recurrence intervals for a large (M ~7) surface-rupturing

earthquake on the Teton fault range from about 700 years to about 2000 years, with a weighted

mean of about 1180 years.

The assumed dip of the Teton fault has a substantial effect on the modeled ground motions at

Jackson Lake Dam. Lower fault dips result in stronger radiation of seismic energy, greater

excitation of a low-velocity crustal basin below the dam, and potentially larger seismic moment
Jackson Lake Dam iii
Ground Motion Evaluation



FINAL REPORT June 13, 2003
release. No direct data is available to constrain the fault dip. Recent analyses and compilations of

coseismic rupture from historical earthquakes on other normal faults suggest a preference for dips

near 45°, and a range of 30° to 60°. Seismic network data indicated that few earthquakes are

located on (or near) the possible downdip projections of the Teton fault. Earthquakes located east

of the surface trace of the Teton fault, however, have east-dipping nodal planes that dip from 25°

to 60°. While there are too few recorded earthquakes located near the Teton fault to provide a

strong constraint on fault dip, the spatial distribution of earthquakes is consistent with dips of less

than 50°. Focal depths from well-located earthquakes are less than 14 km (9 mi), and extend to a

maximum depth of about 17 km (10 mi), providing a basis to assign maximum faulting depths for

ground motion modeling.

Focal mechanisms from 773 local earthquakes indicate that the contemporary state of stress

would result in primarily normal-slip for the central and northern sections of the Teton fault, and

oblique left-lateral normal slip on the southern section of the Teton fault. The focal mechanism

data support using a dominantly normal-slip rake to simulate ground motions associated with

rupture of the central and northern segments of the Teton fault.

Effects of Geologic Structure

The geologic structure of the Jackson Lake Dam area has a large impact on potential ground

motions that would result from earthquake rupture of the Teton fault. Repeated episodes of

faulting, erosion and deposition have resulted in a deep basin of late Cenozoic alluvial fill

underlying northern Jackson Hole, including the Jackson Lake Dam area. In addition, episodes of

glacial scouring and deposition in the immediate vicinity of the dam have created a shallow basin

of largely unconsolidated late Quaternary alluvium. This geologic structure is characterized by

observed large-scale lateral contrasts in seismic velocity, and localized zones of low near-surface

seismic velocities. This structure serves to both amplify and prolong the duration of shaking at

Jackson Lake Dam.

A 3D crustal velocity model is estimated using data from 1150 of the best located earthquakes

recorded by Reclamation’s seismic monitoring network (out of a total of 16,000 quakes recorded

between August 1986, and May 2002). The horizontal resolution of the model is 5 km (3 mi). The
iv Report 2003-2
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3D velocity inversion revealed a laterally extensive low-velocity region east of the Teton fault that

includes Jackson Lake Dam. The low-velocity region extends to depths of ~4 km (2 mi) below the

dam and exhibited the lowest velocities seen in the 3D P-wave velocity model (3.4 km/s).

The inverted 3D low-velocity basin velocity (LVB) model is refined by incorporating seismic

refraction data (Behrendt et al., 1968; Byrd et al., 1994), and by modeling of microearthquake

ground motions at the dam. Relatively strong velocity discontinuities between the LVB velocities

and the surrounding high velocity medium are required to reproduce observed strong shear-wave

arrivals that follow the direct shear-wave by 3-7 s in the weak ground motion data recorded at the

dam. The LVB captures radiated seismic energy over a very wide cross section. Thus the basin is

a very efficient seismic collector, and sites within the basin are likely to experience substantial

multipathing for sources located beneath the basin (e.g., the Teton fault).

Based on 3D modeling, peak ground motions and Arias Intensities are likely to be largest in the

western half of the LVB, return to levels comparable to those on the hanging wall near the fault

(but outside of the LVB), and then decrease as one moves past the dam in the S15E direction.

Peak motions at hard-rock sites within the LVB east of the dam are likely to be greater than those

outside of the LVB, but adjacent to the fault. In contrast to sites within the western 8 km of the

LVB, the dam is likely to be subjected to less extreme amplification from the combined effects of

rupture directivity and LVB amplification. However, the modeled peak velocities and Arias

Intensities at the dam are larger than those at sites located adjacent to the fault on the high-

velocity portion of the hanging wall (outside of the LVB). These results indicate that the dam will

be subjected to amplification both because of rupture directivity and as a result of being located

within the LVB. The effect of rupture directivity is smaller at the dam for fault dips of 45° to 60°.

Site Response at Jackson Lake Dam

Weak-motion site response was measured at Jackson Lake Dam using an array of seven broad-

band seismometers. Key observations are the presence of substantial long-period amplification

and prolonged duration of shaking beyond some transition point located between stations 13+00

and 24+00; minimal long-period amplification at stations 12+00 and less (referenced to a bedrock
Jackson Lake Dam v
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site on the right abutment); and, high-frequency de-amplification on treated sections of the north

embankment (referenced to a site just outside of the treated zone).

Strong ground motions at stations 13+00 and greater are expected to behave non-linearly. The

observed weak-motion site response must be modified to account for non-linear soil behavior.

The observed site response at station 24+00 is consistent with the 2D and 3D response of a

shallow, low-velocity sedimentary basin, and likely results from the generation of surface waves,

converted phases, and interface waves. 2D synthetic seismogram modeling of the site response

data show that the extended ground motion durations observed at the surface are likely associated

with a mixture of refracted S-waves, and horizontally propagating surface and interface waves.

The 2D synthetic seismograms show that there is a critical distance range from the southern

margin of the glacial scour, on which the concrete section of the dam is founded, where peak

horizontal acceleration responses are likely to be amplified relative to most of the embankment

section of the dam. These results indicate that 1D computer codes for modelling nonlinear soil

behavior at the dam will need to be modified to account for 2D and 3D effects.

Ground Motion Modeling

Ground motion simulations of the Teton fault for multiple rupture scenarios were performed using

kinematic rupture models of the fault, and propagation of seismic waveforms through the 3D

model. A hybrid procedure was used to incorporate high frequencies and purely empirical Green’s

functions were also used to simulate ground motions to ascertain the sensitivity of ground motion

estimates to source and propagation approximations. These simulations provided a range of

possible ground motions, and provided constraints on parameters having the most significant

effect.

The combined influences of rupture directivity and the LVB amplify rock input motions at the

dam. The resulting motions are more like a soil site than a typical rock site. Based on ground

motion simulations for the northern Teton fault (dips of 35° and 45°), the mean and 84th-

percentile acceleration responses for periods > 0.35 s exceed empirical predictions for rock. For a

fault dip of 35°, the mean and 84th-percentile acceleration responses exceed empirical predictions

for soil on the south abutment for periods > 1 s. For a fault dip of 45°, the mean and 84th-
vi Report 2003-2
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percentile acceleration response exceed empirical predictions for soil on the south abutment for

periods > ~1.5 s. Of particular note is that mean peak horizontal velocities exceed 90 cm/s for all

dip scenarios. Hanging wall LVB amplification increases ground motions at Jackson Lake Dam in

a way that is similar to the extreme ground motion effects of rupture directivity; In addition, the

LVB produces extended duration of strong ground shaking at the dam, which is an effect that is

not typically associated with rupture directivity.

Based on ground motion modelling and empirical site response data, ground motions at Jackson

Lake Dam will have greater amplification, duration, and Arias Intensities than would be predicted

using generic empirical ground motion attenuation relationships. We therefore recommend that

the ground motions provided in this report be used directly for engineering analyses. However, if

empirical relationships are used for engineering analyses, then magnitude proxies of the seismic

loads should be M 8 for the rock ground motions, and M 9 for the soil ground motions. These

recommended proxy magnitudes for soil sites are much larger than the moment magnitudes of all-

segment and northern segment rupture scenarios of the Teton fault, but specifically account for

the extended durations and amplifications of ground motions observed at the dam. The most

likely scenarios for soil response and nonlinear soil calculations indicate rock ground motion

durations of at least 80 seconds and soil durations possibly as long as 180 s for the embankment

portion of the dam.

Ground motions are likely to vary substantially over the 1.5 km span of the dam, both along the

dam’s axis and in the upstream-downstream direction. That is because the low soil S-wave

velocities result in wavelengths nearly equal to the dam’s width at 1 Hz. In addition, the southern

portion of the dam will shake less strongly and for shorter durations than the rest of the dam

because it overlies more competent soils and rock. Consequently, the largest strains resulting from

differential motions along the axis of the dam are likely to be located in the embankment section

extending from stations 12+00 to 32+00.
Jackson Lake Dam vii
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 1.0   INTRODUCTION

1.1  Introduction

This report is a detailed characterization of the ground motions that might affect Jackson Lake

Dam due to a large earthquake on the Teton fault. Advances in the understanding of strong ground

motions over the past decade have accrued due to the recording of several large earthquakes and

research efforts to understand the seismic source, propagation, and site effects that produce and

influence recorded ground motions. These efforts have lead to the development of improved

methods of estimating and predicting strong ground motions at sites such at Jackson Lake Dam.

These new data and approaches highlight the importance of geologic structure, basin geometry

and properties, and site response to at-site ground motion estimation. Prior approaches to

estimating ground motions at Jackson Lake Dam (USBR, 1987, Wong et al., 2000) relied on

either simplified approaches or empirical data approaches that did not extensively incorporate

these factors.

The surface trace of the Teton fault lies along the western shore of Jackson Lake, about 12 km

(7 mi) west of Jackson Lake Dam (Figure 1-1). Late Quaternary fault scarps, formed by multiple

Holocene surface faulting events, are present along about 60 km (37 mi) of the fault trace. The

fault dips to the east forming a deep basin of late Cenozoic alluvial fill. Jackson Lake Dam was

constructed on the eastern margin of this basin. At the damsite, largely unconsolidated late

Quaternary alluvium ranges in thickness from zero on the south abutment to nearly 500 ft under

the northern section of the dam. Although there are numerous earthquakes and potential seismic

sources in the region, previous engineering analyses of Jackson Lake Dam by Reclamation have

assumed that the Teton fault is the controlling seismic source for analyses of the dam based on

proximity, activity rates, and maximum earthquake magnitudes. This assumption appears to be

confirmed by results from a preliminary probabilistic hazard analyses (Wong et al., 2000). Thus,

the primary focus of this study is on developing ground motions for large earthquakes on the

Teton fault.
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1.2  Objectives and Scope

The objective of the Dam Safety investigations at Jackson Lake Dam is to reach a decision

addressing whether or not additional modifications to the dam are reasonably required in

accordance with the Reclamation Safety of Dams Act. The objective of this report is to provide

estimates of the site-specific ground motions that might affect Jackson Lake Dam as a result of a

large earthquake on the Teton fault. These ground motion results are intended as inputs for

Figure 1-1:  Map showing location of Jackson Lake Dam and late Quaternary trace of Teton fault. SM-
Steamboat Mountain; EML-Emma Matilda Lake; TOL-Two Ocean Lake; JLD-Jackson Lake Dam; M-
Moran; LL-Leigh Lake; JL-Jenny Lake; PL-Phelps Lake; BTB-Blacktail Butte; LSL-Lower Slide 
Lake; PC-Phillips Canyon; WGVB-West Gros Ventre Butte; EGVB-East Gros Ventre Butte.
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engineering analyses of the stability of the dam during large earthquakes as part of an overall risk

assessment for Jackson Lake Dam. Because the foundation of the dam consists of a varied

thickness of unconsolidated alluvium and the site is located on the margin of a large structural

basin, particular emphasis in the current ground motion analyses is to investigate aspects of

seismic wave propagation and site response on estimates of ground motions at the site.

Within this study are embedded several major subtasks that are required as inputs to various

phases of the ground motion analyses. These include 1) geologic source characterization of the

Teton fault, 2) analyses of seismicity in the region of the Teton fault and Jackson Lake Dam, 3)

analyses of the crustal basin velocity structure and seismic response, 4) empirical site response

analyses based on specific foundation conditions and recorded data at Jackson Lake Dam, and 5)

development of ground motions from the Teton fault for Jackson Lake Dam considering the

integrated results of the previous tasks. As a final step, these results are portrayed in a simplified

probabilistic framework to facilitate their input to Reclamation risk assessments for Jackson Lake

Dam. Analyses of data from the Jackson Lake Seismic Network (JLSN) and from site-response

instrumentation operated at Jackson Lake Dam between 1996-2002 in conjunction with the JLSN

are major inputs to all of these subtasks.

1.2.1   Teton Fault Source Characterization.  This task includes the compilation of

geologic data on the distribution and rate of paleoearthquakes on the Teton fault. Quaternary fault

scarps and faulted Quaternary deposits define the length of surface rupture associated with past

earthquakes on the Teton fault. These data also provide information on the size, age and frequency

of faulting events, and on the geometry of individual fault planes associated with

paleoearthquakes on the fault. For ground motion analyses, the objective is to describe the

constraints imposed by the available data on the location (coordinate information), orientation

(strike and dip), and slip characteristics (slip per event) of fault planes associated with potential

earthquakes on the Teton fault. For probabilistic analyses, it is necessary to describe the extent,

size, ages, and frequency of paleoearthquakes along the fault, or to describe the behavior of the

fault in terms of a slip rate and various models of earthquake occurrence. For both ground motion

and probabilistic analyses, it is necessary to consider potential alternative models of fault

behavior and the uncertainties in descriptive data and fault models. The scope of the present
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investigation consists of a brief review and compilation of data from previous studies that have

been conducted on the Teton fault. No new data collection or significant re-analyses of existing

data have been conducted.

1.2.2   Seismicity Analyses.  As part of this task, seismicity recorded by the JLSN

between 1986-2002 were reanalyzed to provide refined regional (network-scale) velocity models,

locations, magnitudes, focal mechanisms and recurrence information. The large and spatially

diverse seismicity catalog from the JLSN provide a rich data set that were used to improve the

regional velocity models used for preliminary locations of earthquakes within the JLSN.

Improved earthquake locations allow enhanced discrimination of specific earthquakes that might

be associated with the Teton fault and related structures and more reliable characterization of

stress and slip regimes. Stress and slip information are primary inputs to describing the

earthquake source and the velocity models are a primary input for evaluating seismic radiation

from the source. Recurrence analyses are used in characterizing the probability of ground motions

at the site.

1.2.3   Hanging Wall Crustal Velocity Structure. 

Rupture directivity can be a significant issue for sites where fault planes have moderate- to

shallow-dips and fault rupture extends beneath the site of interest. For scenarios in which the

Teton fault dips less than about 50°, significant fault rupture on the northern and central sections

of the Teton fault would include rupture at depth directly beneath or adjacent to the damsite. The

impacts of 3D crustal velocity structure are also substantial, and to model these effects, data from

a mini-array of three-component digital broadband stations operated in the vicinity of the dam in

conjunction with the JLSN from October 1995 to May 2001 is used. Through waveform and

traveltime modeling, the geometry and extent of the low-velocity basin surrounding the damsite

area can be further resolved, and P- and S-wave velocities, and attenuation (Qp and Qs)

characteristics defined to support the rock and soil ground motion simulations for the site.

1.2.4   Empirical Site Response. 
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Bedrock ground motions propagating from the Teton fault will be considerably modified by the

near-surface soil column underlying much of Jackson Lake Dam. Recordings of strong ground

shaking at the dam that could be used to directly estimate this effect do not exist. As a practical

matter, since nearby large earthquakes occur infrequently, only the weak-motion recordings from

smaller, more frequently occurring earthquakes are available. Ground motions from moderate-

magnitude local earthquakes were recorded by three-component broadband velocity

seismometers at six locations at Jackson Lake Dam. Recordings from the six sensors were

compared to a reference location near the right abutment in order to estimate the weak-motion site

response.

Computer codes for estimating the strong-motion site response are commonly based on one-

dimensional models. These codes tend to underestimate the observed duration of shaking at

Jackson Lake Dam. In order to partially account for the two and three-dimensional character of

the observed weak-motion site response, yet employ available one-dimensional codes for

estimating non-linear site response, a hybrid approach was used. This approach incorporates the

longer durations observed from the weak-motion response to modify the input motions for use in

one-dimensional computer codes.

1.2.5   Ground Motion Estimation for Jackson Lake Dam. 

The influences of large-scale crustal velocity structure and source radiation on rock and soil

ground motions at Jackson Lake Dam are the focus of this section. Ground motions are

synthesized for the rock site station JLDW for a variety of magnitudes and source geometries to

quantify peak ground motions scaling and variability associated with earthquake rupture

scenarios postulated for earthquakes on the Teton fault. The uncertainties in fault dip are

accounted for by considering multiple values of dip for each fault segment; thus as fault dip

decreases, fault area and moment increase. A total of six fault segment and dip scenarios are

considered when simulating ground motions. Rupture of the northern segment of the fault for dips

of 35° and 45° involves fault rupture directly beneath the dam. It is necessary to determine how

strongly rupture directivity may influence peak ground motions and ground motion variability at

the dam for all of these near-source earthquake scenarios. Impacts of 3D crustal velocity structure

are substantial and much of the modeling effort is devoted to accounting for the influences of 3D
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velocity heterogeneity on ground motion amplitudes and durations, and evaluating the influence

of fault dip uncertainties on ground motion characteristics

1.3  Jackson Lake Dam 

Jackson Lake Dam is located on the South Fork of the Snake River about 48 km (30 mi) north of

Jackson, Wyoming. The dam and reservoir provide water storage for the Minidoka Project, an

irrigation project along the Snake River in southeastern Idaho. The dam and reservoir were left as

inholdings when the Grand Teton National Park was initially established in 1929.

Jackson Lake Dam was originally constructed by the Bureau of Reclamation in 1907, rebuilt in

1911 and enlarged in 1916. The resultant dam was a composite structure consisting of a short

(south) embankment section on the right abutment adjacent to Signal Mountain, a short combined

concrete spillway and outlet works section across the former channel of the Snake River, and a

long embankment section that extended north across the Pilgram Creek alluvial fan. By the mid-

1970’s it was recognized that aspects of the original construction were potentially susceptible to

earthquake-induced failure. Initial modifications to the concrete section were completed in 1977,

but since much of the original embankment sections were constructed with hydraulic fill methods

and minimal foundation treatments, more extensive investigations and analyses were required.

Following these studies of potential earthquake hazards, foundation conditions, and alternatives,

additional modifications were completed to the dam by 1989. These modifications included major

changes to roadways that sit atop the south embankment and concrete section, widening of the

south embankment, further modifications to the concrete sections of the dam, and complete

reconstruction of the north embankment with extensive strengthening of the underlying

foundation. Strengthening of the north embankment foundation was accomplished through

dynamic compaction along the entire length of the dam and through construction of variably-

sized SMW (concrete-soil mix walls) at the upstream and downstream toes of the embankment

from the concrete section north to approximately station 29+00 (Stelma, 1996) (Figure 1-2). 

The present dam has a total crest length of about 1500 m (4920 ft) at elevation 2066.7 m

(6780.5 ft). The dam impounds a reservoir containing 7.7 x 108 m3 (624,000 acre-ft) at the normal

operating pool elevation of 2060.4 m (6760 ft).
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Figure 1-2:  Schematic sections through Jackson Lake Dam at stations 12+00, 24+00, and 31+00. Extent 
of SMW treatment is shown by shaded boxes and in plan view sketch. Extent of dynamic compaction 
treatment zone is indicated by dot-dash line. Positions of seismographs sensors used to evaluate site 
response are indicated with triangles and labels. Sections and geologic data are modified from Stelma 
(1996). See text and Figure 1-3 for geologic legend and explanation.
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1.3.1   Geologic Setting of the Dam.  The right (south) abutment of Jackson Lake Dam is

founded on the northern edge of Signal Mountain, a west-tilted block of early- to pre-Quaternary

volcanic rocks and sediments capped by a thin veneer of young glacial deposits. Signal Mountain

and Blacktail Butte (located further south in Jackson Hole) delineate the approximate western

limit of pre-Quaternary rocks within Jackson Hole adjacent to the Teton fault (Figure 1-1 and

Plate 4-1). West of these areas and extending nearly to the Teton fault, lies a thick sequence of

Quaternary glacial deposits and alluvium; east of these areas are older Cenozoic alluvial deposits

and weakly consolidated Mesozoic sedimentary rocks (Love et al., 1992). Quaternary glaciers

flowing into Jackson Hole headed on the Yellowstone/Absaroka source area north and east of

Jackson Lake Dam (e.g. Pierce and Good, 1992). Thick lobes of ice flowing through the damsite

area excavated deep scour troughs that rapidly filled with alluvial and lacustrine deposits as the

glaciers retreated (Pierce and Good, 1992; Smith et al., 1993). Jackson Lake Dam is located on

one edge of a deep glacial scour trough that lies north of Signal Mountain. This trough probably

extends several kilometers west of the dam beneath Jackson Lake, but probably bifurcates to the

east and northeast in the damsite area. Near the present damsite, ice lobes flowing west, up the

present Snake River, and west-southwest through the Emma Matilda Lake area joined. Thus, the

northern extent of the scour trough is not well defined and likely extends well beyond the northern

end of Jackson Lake Dam. As a result, the south embankment and concrete sections of Jackson

Lake Dam are founded on variably compacted to over-compacted glacial deposits and

Huckleberry Ridge Tuff while the north embankment section of the dam is constructed on a

northward-thickening wedge of post-glacial alluvium and lacustrine units deposited on top of a

compact glacial deposit (Figure 1-3; USBR, 1987). At the northern end of the dam, these

relatively unconsolidated post-glacial deposits reach a thickness of about 180 m (600 ft). The

presence of the glacial scour trough, and the large velocity contrast between the post-glacial

alluvial fill and the underlying, older units are significant factors for estimation of ground motions

at the site.

Material properties of the uppermost section of the post-glacial alluvial fill were derived from

extensive drilling along the footprint of the dam that was done in conjunction with design and

construction of the modification (Lockhart, 1986; Stelma, 1986; USBR, 1987). A limited number
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of drillholes penetrated the entire section. As part of these investigations, the alluvial fill beneath

the northern embankment was described as three complexly interbedded subunits (USBR, 1987).

"The subunit termed gravel (Qfg) of the fluviolacustrine sediments consits of

predominantly coarse sand and gravel, but may include some oversize, as indicated by

drilling conditions observed while advancing the boreholes. Deposits of the subunit are

saturated, loose, unconsolidated, and range from nonstratified to poorly stratified. Wash

cuttings returned from the Qfg consist of fragments of quartzite and other metamorphics

and some volcanics.

The subunit termed sand (Qfs) of the fluviolacustrine sediments consists of predominantly

fine-grained sand but includes variable amounts of the medium and coarse sand fractions.

The Qfs is saturated, loose, unconsolidated, and poorly stratified. Deposits of the Qfs

subunit may contain a variable range of organic matter varying from less than 1 up to 5

percent.

Figure 1-3:  Generalized geologic cross section along the axis of Jackson Lake Dam. Foundation 
treatment consisting of SMW (shaded area) along the upstream and downstream toe of the 
embankment extended from the concrete section north to station 29+00 (see Figure 1-2). Dynamic 
compaction foundation treatment was completed beneath the embankment section north of the 
concrete section from about station 11+00 to about JLD7. Drillholes with geophysical logs (Sirles, 
1986) are shown and labeled. Tomography site (Wright, 1990) is shown with grey box. Seismometer 
sites are shown with stars and labels. Geologic data compiled and modified from Gilbert et al. (1983), 
Lockhart (1986), USBR (1986), and Stelma (1996). View to east, looking downstream.
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The subunits termed fines (Qfc) of the fluviolacustrine sediments is composed of clay, silt,

and very fine-grained sand. The Qfc is soft, unconsolidated, and ranges from thinly bedded

to laminated, with minor and scattered sand and gravel lenses."

In contrast to the fluviolacustrine deposits that underlie Jackson Lake Dam, other deposits in the

foundation (Figure 1-3) are much more consolidated and hard. The contrast in material properties

is shown by a limited suite of geophysical investigations (Sirles, 1986; Wright, 1990) which

provides geophysical properties that can be directly used in modeling of ground motions at the

site and interpretation of site response data gathered from instruments at the dam. These data are

discussed in more detail in Sections 5 and 6 in conjunction with site response and ground motion

modeling.

1.3.2   Previous Seismic Hazard and Ground Motion Studies. No formal investigations

of seismic hazards or ground motions are documented in association with the original dam

construction in the early 1900’s. In support of the modification studies of Jackson Lake Dam in

the late 1970’s and early 1980’s, Reclamation conducted extensive seismic hazard analyses to

develop earthquake loadings that were used in developing modification designs for the dam.

These seismic hazard studies (Gilbert et al., 1983) included the first compilation and recognition

of the extent of late Quaternary fault scarps along the Teton fault and established an MCE

(Maximum Credible Earthquake) of ML7.5 for the Teton fault as the most significant seismic

source for Jackson Lake Dam. Gilbert et al. also identified other local and regional earthquake

sources of potential significance, provided assessments for potential surface faulting at the site,

coseismic subsidence and tilting of the damsite and reservoir basin which could lead to

differential elevation changes and seiche waves in the reservoir, and seismically-induced

landslides around the reservoir. Seismic loadings and ground motions for the Teton fault used in

analyses of the proposed modifications were developed with input from a consultant board that

provided review of the proposed modification designs and are documented in numerous technical

memoradums (USBR, 1987). Details of the input motions varied slightly based on needs for

individual analyses, but most were based on a time history record for the MCE that used a

modified Pacoima-Taft record with a peak acceleration between 0.57-0.75 g and durations of 20-

38 seconds as the input bedrock motions. Based on inputs from the consultant board, these
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motions were propagated through the alluvial fill beneath the embankment sections and resultant

free-field motions at the toe of the embankment sections ranged between 0.25 - 0.36 g.

Based on recommendations contained in Gilbert et al. (1983) the Jackson Lake Seismic Network

(JLSN) was established in 1986. Wood (1986) describes the initial configuration and operation of

the network. Data from the JLSN used in analyses for this report are discussed in Section 3.

Recently, Wong et al. (2000) completed a preliminary probabilistic seismic hazard analyses for

Jackson Lake Dam and other nearby Reclamation dams. Their analyses provided input bedrock

motions which included the hazard contributions from both the Teton fault as well as numerous

other nearby and regional seismic sources. For return periods of 10,000 and 50,000 years

respectively, the estimated peak horizontal accelerations were 0.89 and 1.19 g, and the 1.0 sec

spectral accelerations were 0.91 and 1.42 g. Review of the results in Wong et al. indicate that for

all return periods greater than about 100-200 years, the Teton fault is the dominant contributor to

input bedrock ground motions at the Jackson Lake Dam site.
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 2.0   TETON FAULT- SOURCE CHARACTERIZATION

2.1  Introduction

The Teton fault is one of several major late Quaternary faults within the Intermountain Seismic

Belt region surrounding Jackson Lake Dam. These faults include the Centennial, Hebgen Lake,

and Madison Range normal faults to the north and west of the dam, as well as the seismically

active Yellowstone Caldera and the Star Valley and Greys River faults to the south near the Snake

River Range (Figure 2-1). In addition to these earthquake sources, there are numerous other late

Quaternary faults and potential seismic sources in the region surrounding Jackson Lake Dam

(Wong et al., 2000; Machette et al., 2001). The surface trace of the Teton fault lies along the

western shore of Jackson Lake, within about 12 km (7 mi) of Jackson Lake Dam and dips to the

east potentially extending beneath the damsite if fault dips are less than ~ 45° (Figure 2-2). Late

Quaternary fault scarps, the product of multiple Holocene surface faulting events, are present

along about 60 km (37 mi) of the fault trace. Previous engineering analyses by Reclamation at

Jackson Lake Dam have assumed that the Teton fault is the controlling seismic source for

analyses of the dam based on proximity and maximum earthquake magnitudes, and this

assumption appears to be confirmed by results from a preliminary probabilistic hazard analyses

(Wong et al., 2000).

In this section the seismic source characteristics of the Teton fault are provided. The initial task in

this assessment is to delineate the extent of rupture associated with past earthquakes on the Teton

fault as shown by late Quaternary fault scarps and faulted Quaternary deposits. These data also

provide information on the age and frequency of faulting events, and on the geometry of

individual fault planes associated with paleoearthquakes on the fault. For ground motion analyses,

the objective is to describe the constraints imposed by the available data on the location

(coordinate information), orientation (strike and dip), and slip characteristics (slip per event) of

fault planes associated with potential earthquakes on the Teton fault. For probabilistic analyses, it

is necessary to describe the extent, size, ages, and frequency of paleoearthquakes along the fault,

or to describe the behavior of the fault in terms of a slip rate and various models of earthquake

occurrence. For both ground motion and probabilistic analyses, it is necessary to consider
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Figure 2-1:  Regional tectonic map of the northwestern Wyoming and Jackson Lake Dam region. Ages of 
Yellowstone calderas (outlined with dashes): I = 2.0 Ma, II = 1.2 Ma, and III = 0.6 Ma. Normal faults 
shown with hachured symbol on downthrown side; thrust faults with barbs on overthrust block. Figure 
from Smith et al. (1993b).
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Figure 2-2:  Map of the Teton Range-Jackson Hole region showing the generalized late Quaternary trace 
of the Teton fault in relationship to Jackson Lake Dam. Approximate boundaries of sections of the 
Teton fault are indicated with arrows along the fault. Approximate locations where submerged 
shorelines of Jackson Lake date paleoseismic events are shown with *around the margins of Jackson 
Lake. "Trench Site" is the Granite Creek site of Byrd et al. (1994) and Byrd (1995). Cross-hachured 
areas are outcrops of Paleozoic rocks in Jackson Hole. Figure slightly modified from Smith et al. 
(1993b).
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potential alternative models of fault behavior and the uncertainties in descriptive data and fault

models.

2.1.1   Primary Data Sources. There are three primary sources of data for the seismic

source characterization of the Teton fault: 1) previous Reclamation seismic hazard studies, 2)

research studies by the University of Utah, and 3) research and mapping projects by the U.S.

Geological Survey. Although some of these studies have been quite extensive and limited areas

studied in great detail, overall, the Teton fault has been mapped in only moderate detail and there

is relatively little detailed information available on the paleoseismic history of the fault. Of

particular importance is the lack of a detailed fault map coupled with detailed mapping and dating

of the Holocene to late Pleistocene deposits in which fault scarps are found.

Several previous Reclamation seismic hazard studies have addressed the Teton fault in some

detail. Seismotectonic studies for Jackson Lake Dam by Gilbert et al. (1983) summarized

previous studies, produced the first map which depicted the extent of fault scarps along the Teton

fault, and developed slip-rate estimates based on the estimated offsets of the 2-Ma old

Huckleberry Ridge tuff and late Quaternary deposits along the range front. As part of a

seismotectonic study for Grassy Lake Dam, Ostenaa et al. (1993) mapped fault scarps along the

northern section of the Teton fault in greater detail and evaluated evidence for fault activity along

several potential traces of the Teton fault north of Jackson Lake. Based on data from these studies,

Ostenaa and Gilbert (1988) described some potential geometric controls on the segmentation of

the Teton fault. Most recently, Wong et al. (2000) compiled fault activity and slip rate data for

many faults in the region as part of a preliminary probabilistic hazard evaluation for Jackson Lake

Dam and several other Reclamation dams in the region.

Research by the University of Utah since the 1980’s has resulted in several significant

contributions to understanding the paleoseismic history of the Teton fault. Field investigations

extended the mapping and provided additional offset measurements of late Quaternary fault

scarps (Susong et al., 1987; Byrd, 1995). Geophysical investigations in Jackson Lake identified

potential fault traces in the lake sediments (Smith et al., 1993a). At one site, Granite Creek, trench

investigations provided detail on the Holocene displacement history of the fault (Byrd et al.,

1994). A level line across Jackson Hole has provided a basis for repeated measurements of
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deformation in the basin. Results of these field investigations, including models of fault behavior

and segmentation, and analyses of leveling results are presented in several publications (Byrd et

al., 1994; Smith et al., 1993b; Sylvester et al., 1991).

Mapping by J.D. Love of the U.S Geological Survey provided the earliest descriptions of the

magnitude and recency of faulting on the Teton fault (e.g., Love and Montagne, 1956; Love and

Reed, 1971; Leopold and Love, 2002). Compilation geologic maps of the Grand Teton National

Park (Love et al., 1992) and the State of Wyoming (Love and Christiansen, 1985) provide a

framework for the overall structure and geologic setting of the fault. Ongoing studies of the

Quaternary glacial history of the Yellowstone - Teton region provide much of the chronologic

data for evaluating the age of fault scarps and resulting estimates of slip rates (Pierce and Good,

1992). Detailed geoarcheology studies of sites submerged by Jackson Lake Reservoir yielded

evidence of the ages and amount of offset for multiple Holocene earthquakes on northern and

central sections the Teton fault (Pierce and Good, 1992; Connor, 1998). Results of previous

studies for the Teton fault and other faults in the region have been compiled in a database which

provides slip rate and other fault characterization data (Machette et al., 2001).

2.2  Late Quaternary Faulting on the Teton Fault

2.2.1   Quaternary Chronology of Faulted Deposits Along the Teton Fault. The

Quaternary chronology of faulted deposits, together with the amounts of faulting, is the data from

which estimates of faulting rates are derived. To the extent that there are large gaps in the detailed

understanding of the ages of deposits along the fault, there will also exist significant uncertainty

in the rates and chronology of faulting and earthquake recurrence. While there is a broad

understanding of the geomorphic history and ages of the faulted Quaternary deposits along the

front of the Teton Range (e.g., Love et al., 1992), there has been relatively little detailed mapping

and chronology developed for most sites where fault scarps have been mapped. In general, four

broad groups of late Quaternary (past 140 ka) deposits are clearly faulted: 1) glacial deposits in

Jackson Hole related to ice lobes which primarily sourced from the highland areas of the

Yellowstone Park area to the north and northeast, 2) glacial deposits related to local glaciers

flowing out of the Teton Range, 3) deposits along glaciated drainages that post-date the major

deglaciation of the Teton Range glaciers and Yellowstone ice sheet, and 4) colluvial deposits that
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blanket the slopes of the Teton Range front between major drainages. Each of these four groups

includes several different types of deposits and can potentially include deposits with ages that

span as much as 20,000 to 40,000 years.

The first broad group of deposits includes extensive deposits associated with oldest

well-documented glaciation in Jackson Hole, termed the Munger (Bull Lake? or glaciation 2 of

Love et al., 1992), as well as deposits of younger, Pinedale glaciers that entered Jackson Hole.

The volume of ice flowing into Jackson Hole at the peak of the Munger glaciation was of such

extent that all of Jackson Hole was filled with ice (e.g., Love and Reed, 1971; Love et al., 1992;

Pierce and Good, 1992). Based on correlation to dated glacial deposits at West Yellowstone and to

the marine oxygen-isotope stage record, the age of this glaciation is thought to be about 130,000 -

170,000 ka (Pierce and Good, 1992). Although no fault scarps are mapped in deposits of the

Munger glaciation along the Teton fault, at Timbered Island and Windy Point, these deposits are

apparently tilted towards the fault, indicative of significant cumulative displacement.

The last and most recent large-scale glaciation in Jackson Hole, the Pinedale, consisted of at least

two phases (Pierce and Good, 1992; Connor, 1998). During both phases of the Pinedale

glaciation, ice lobes flowed into Jackson Hole from highland areas to the north and northeast and

built large end moraines and outwash surfaces in Jackson Hole south of Jackson Lake. Related

moraines and recessional deposits are present on both the west and east shores of Jackson Lake.

Along the west shore of Jackson Lake, some of these deposits straddle the trace of the Teton fault

(Love et al., 1992; Pierce and Good, 1992; Ostenaa et al., 1993). Glaciers from the Teton Range

apparently extended only a relatively short distance out from the range front and made relatively

small contributions to the ice lobes in the main valley. However, the detailed history of individual

sequences derived from the range-front glaciers and the deposits of the main valley ice lobes has

not yet been described. Moraines constructed by Pinedale-age range-front glaciers also cross the

Teton fault in several areas and are clearly faulted (Gilbert et al., 1983; Love et al., 1992).

The older phase of the Pinedale glaciation in Jackson Hole is termed the Burned Ridge. There are

no direct ages in Jackson Hole on deposits of this phase and the age of the Burned Ridge is

estimated by correlation to the marine oxygen-isotope stage record. This correlation suggests an

age range of about 35,000 to 72,000 years ago (Pierce and Good, 1992; Connor, 1998). No Teton
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fault scarps occur directly on the Burned Ridge deposits of the major ice lobe in Jackson Hole, but

these deposits have been tilted westward by displacement on the fault (e.g., Love and Montagne,

1956; Byrd, 1995). The full extent of Burned Ridge phase deposits from range-front glaciers is

unclear. It is possible that some of the older range-front glacial deposits on which fault scarps are

present are in fact correlative to the Burned Ridge phase. However, no detailed mapping has been

done to substantiate or refute this.

The younger phase of the Pinedale glaciation in Jackson Hole had two positions defined by

deposits of the ice lobes: a maximum advance (Hedrick Pond) and a recessional stand (Jackson

Lake) (Pierce and Good, 1992; Good and Pierce, 1997; Connor, 1998). Radiocarbon ages on

materials recovered from drill holes at Jackson Lake and ages on samples from the Yellowstone

Lake area (source area for the ice lobes) indicate the ice lobes had retreated from the Jackson

Lake area by about 15,000 14C yr B.P., an age roughly equivalent to 17,000 to 18,000 calendar

years (Pierce and Good, 1992; Good and Pierce, 1997; Connor, 1998). Thus, the ages of the

moraines associated with the Jackson Lake recession and Hedrick Pond maximum advance are

older, possibly in the range of 20,000 to 35,000 years ago. 

The second broad group of deposits that are significant to evaluating the paleoseismic history of

the Teton fault are the glacial deposits from glaciers flowing out of the Teton Range. Ages for

these deposits along the Teton fault are inferred based on correlation to the Jackson Lake and

Hedrick Pond deposits. Deglaciation of Teton Range glaciers is generally inferred to be broadly

synchronous with deglaciation of the Yellowstone ice sheet, but there are no published studies that

confirm this. In the Moran Bay area and other sites on the west side of Jackson Lake, glaciers

from the Teton Range appear to have merged with the ice lobes that sourced in the Yellowstone

area to the north and northeast. The absence of significant end moraines from the range-front

glaciers in these areas appears to suggest that deglaciation of the Teton Range was mostly in

phase with, or possibly slightly preceded, retreat of the ice lobes that sourced in the Yellowstone

area. At many sites along the range front, there is clearly a sequence of glacial deposits, which

may or may not reflect significant age differences, but detailed mapping and descriptions of these

sites are generally lacking. Thus, the age of range-front glacial deposits faulted along the Teton

fault is assumed to be similar to ages inferred for the Jackson Lake and Hedrick Pond deposits, or
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about 20,000 to 35,000 years ago. The Teton Range is assumed to have been essentially

deglaciated by about 17,000 to 18,000 years ago.

The third broad group of deposits are inset within the glacial deposits that flank most drainages of

the Teton Range. These deposits are related to the deglaciation and post-Pinedale processes in

these drainages, and spans a time interval that appears to include several large faulting events on

the Teton fault. In the steeper drainages this includes debris flows and avalanche deposits that

may be related to the smaller scale post-Pinedale glaciers that were limited to the higher

elevations in these drainages. In other areas, there are alluvial fan and fluvial deposits. With two

exceptions, detailed chronologies for these deposits have not been developed for sites along the

Teton fault. In the Jackson Lake area, Pierce and Good (1992) and Connor (1998) developed a

detailed post-glacial geomorphic framework for several archaeological sites. The chronology for

this framework is supported by several radiocarbon ages and archaeological dating of sites as old

as about 8000 years. In the Granite Creek area, radiocarbon ages from a trench excavated across a

fault scarp indicate that some of the post-glacial deposits along Granite Creek are in the range of

4000 to 8000 years (Byrd et al., 1994; Byrd, 1995). However, in other areas, portions of these

deposits could be as old as 17,000 - 18,000 years, the estimated time of major deglaciation in

Jackson Hole.

The fourth broad group consists of large areas of undifferentiated fan and colluvial deposits that

exist between the major drainages along the Teton range front (e.g., Love et al., 1992). In some

areas, fault scarps are present on these deposits, but in other areas these deposits appear to

post-date the most recent surface faulting. No specific studies have been done to define a

chronology for these deposits. Limited areas within these deposits are likely historic, while other

areas possibly are synchronous in age with the glacial sequences discussed above. A tentative age

range from 0 - 17,000 years is assigned to these sites.

2.2.2   Distribution of Late Quaternary Fault Scarps and Surface Rupture. Late

Quaternary fault scarps are recognized along approximately 60 km (38 mi) of the Teton fault

(Gilbert et al., 1983; Ostenaa et al., 1993; Smith et al., 1993b; Byrd et al., 1994; Byrd, 1995;

Machete et al., 2001). These scarps can be followed nearly continuously along the steep front of

the Teton Range from near Phillips Canyon, at the southern end of the fault, to the east side of
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Steamboat Mountain, located at the north end of Jackson Lake (Figure 2-2). Gaps in the mapped

continuity of the scarps are mostly associated with areas of active drainages and lakes. A notable

exception is western Moran Bay of Jackson Lake, where there is an approximately 2-km stepover

in the scarps, and no evidence of faulting in the glacial or post-glacial sediments beneath Moran

Bay (Smith et al., 1993a). 

Quaternary displacement on the Teton fault has clearly extended beyond the limits of the fault

scarps mapped along the range front, as shown by the range front and structural relief at the

southern end of the range (e.g., Love and Reed, 1971; Lageson, 1987) and by numerous fault

traces and offset of 2 Ma year old Huckleberry Ridge tuff at the northern end of the fault (e.g.,

Love et al., 1992). However, existing studies have not identified evidence of surface rupture on

these faults at the northern and southern ends of the range in the past approximately 15 ka (e.g.,

Ostenaa et al., 1993; Gilbert et al., 1983). 

In previous studies, the scarps along the Teton fault were compiled on 1:62,500 scale base maps

(Gilbert et al., 1983; Sussong et al., 1987; Smith et al., 1993b; Love et al., 1992), with the

exception of the northern section of the fault, which was compiled on a 1:24,000 scale base map

(Ostenaa et al., 1993). While the locations of many fault scarps along the Teton Range have been

noted, the mapping in most areas has not been of sufficient detail to also identify a narrow range

of ages for the deposits faulted at each site along the fault. Thus, for purposes of slip rate

estimation and fault characterization, the offsets measured on these scarps are combined with

broad age ranges based on regional correlations. 

For purposes of ground motion modeling and seismic hazard calculations, the existing mapping of

the fault scarps has been used as a basis to develop representations of the fault that can be used in

these models. In these models, faults are depicted as planar structures, defined by a surface trace

with a strike and dip, and by the depth of seismogenic fault rupture. The surface trace and strike

are well defined by the distribution of fault scarps along the Teton fault. The dip of the fault is

only poorly constrained by surface geology, limited subsurface data and structural models, and

observational information from historical earthquakes. The depth of seismogenic fault rupture is

defined by earthquake data from local and regional seismic networks, geophysical data and

models, and historical earthquakes.
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A somewhat simplified characterization of the surface fault geometry (Figure 2-3) is presented

here for use in different ground motion and seismic hazard models. This characterization consists

of 29 fault traces with varied strike and geometrical relations. Fault traces are defined based on

changes in strike or discontinuities in the fault scarps. In this characterization (Appendix A, Table

A-1), individual fault traces range in length from < 1 km to about 5 km and the location of each

fault trace is generally within about 0.1 km of actual trace of the fault scarps. 

Figure 2-3:  Map of fault traces defined by late Quaternary fault scarps along the Teton fault. Scarp and 
slip rate data for each trace are tabulated in Appendix A, Table A-2. Letter number combinations, N1, 
N2, etc., designate different fault traces in Appendix A, Table A-1. Dashed traces west of fault scarps 
are high-angle, 60-80°, faults mapped within Teton Range (Love et al., 1992) that coincide with scarps 
in Avalanche and Granite Canyons (Gilbert et al., 1983). Open box dashed fault traces east of fault 
scarps are approximate locations of buried, 35°-dipping faults defined by geophysical data (Behrendt et 
al., 1968). Sections across basin are shown in Figure 2-4,-5 and -6. SM- Steamboat Mountain, 
EML-Emma Matilda Lake, TOL-Two Ocean Lake, JLD-Jackson Lake Dam, M-Moran, LL-Leigh 
Lake, JL-Jenny Lake, PL-Phelps Lake, BTB-Blacktail Butte, LSL-Lower Slide Lake, PC-Phillips 
Canyon WGVB-West Gros Ventre Butte, EGVB-East Gros Ventre Butte.
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For discussion purposes, it is convenient to consider the Teton fault as consisting of three major

sections, termed northern, central, and southern (Figure 2-2). Names used for the fault sections in

this report are generally consistent with Smith et al. (1993), Byrd et al. (1994) and Byrd (1995),

but differ slightly from terminology used by Machete et al. (2001). However, it is not clear from

the existing data on the fault whether or not these fault sections behave independently as separate

fault rupture segments and earthquake sources or whether the entire fault ruptures in single

earthquake events (e.g., Ostenaa and Gilbert, 1988; Smith et al., 1993b; Byrd et al., 1994;

Machette et al., 2001).

The northern section of the fault (traces N1 - N12) consists predominantly of longer fault traces

that strike between N-S and N10°E that alternate with short fault traces that strike about

N30-65°E. In most cases, these shorter traces act as right steps to the overall trace of the fault,

although a significant left step must be present beneath the northern end of Jackson Lake. Mapped

fault scarps make sharp bends at these steps (Ostenaa et al., 1993). At Moran Bay, there is a

substantial discontinuity in the scarps. The fault trace as defined by scarps both north and south of

Moran Bay bends sharply around the bay, but does not join and there is an approximately 2-km

gap in the scarps in this area. Further, geophysical surveys that cross potential projections of the

fault in Moran Bay show no evidence of faulting in the sediments beneath the bay (Smith et al.,

1993a). 

The central section of the fault (traces C1 - C7) displays a more regular sawtooth pattern, defined

by somewhat longer traces that strike about N10°E, which alternate with traces only slightly

shorter that strike NW. The overall effect of the NW-striking traces is a left-stepping arrangement

along this section of the fault. Throughout this central section, existing mapping indicates that the

fault scarps have a high degree of continuity. In map view, the scarps have large bends and

reentrants that are unrelated to steep topography which they traverse, indicating that individual

fault traces have significantly disparate strikes. South of Jenny Lake the overall strike of the Teton

fault becomes more northeasterly than on the central or northern sections of the fault north of

Jenny Lake and the overall strike of the fault traces between Jenny and Taggart Lakes (traces

C8-C9) is somewhat transitional between the fault traces north of Jenny Lake and those south of

Taggart Lake. The fault trace geometry in this area is also somewhat transitional as well, but the
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continuity of the surface fault scarps on fault traces C8 to C9, which extend south of Taggart

Lake, is very high and similar to those on the central and northern sections of the fault.

The Taggart Lake area has been generally considered as the northern end of the southern fault

section (e.g., Smith et al., 1993; Byrd et al., 1994; Machete et al., 2001) Fault scarps along this

section of the fault define two arcuate to wedge-shaped traces, a northern group which is set back

slightly and centered on Phelps Lake (traces S1-S4), and a southern, more curved wedge in the

Teton Village to Phillips Canyon area (traces S5-S7). South of Taggart Lake, overall, the fault

scarps appear to be more discontinuous than along other sections of the fault, particularly in the

areas near Phelps Lake and the Jackson Hole Ski area. While there are several prominent fault

scarps in these areas, such as near Teton Village, Granite Creek, and north of Phelps Lake, there

are also several discontinuities or gaps in the scarps. Whether these discontinuities reflect

incomplete surface rupture along this section of the fault or destruction of the fault scarps by

erosion and deposition is unclear based on the existing mapping. The only site on the Teton fault

where fault scarps have been trenched is at Granite Creek, along trace S4 (Byrd et al. (1994);

Byrd (1995).

South of Jenny Lake is the only area along the fault where mapping has shown clear evidence of

left-lateral offsets along the fault (Smith et al., 1993b; Byrd, 1995). Ostenaa and Gilbert (1988)

suggested that left-lateral offsets along the more northeasterly striking sections of the fault were

consistent with nearly E-W oriented extension affecting the fault as a whole, and not necessarily

indicative of fault segmentation. Also, along the southern section of the fault, there appears to be

some evidence for late Quaternary displacement along discontinuous, subparallel, high-angle

faults within the range as shown by apparent short, fault scarps that coincide with the traces of

these faults in Avalanche and Granite Canyons (Gilbert et al., 1983) and southwest of Phillips

Canyon near Ski Lake (Love et al., 1992; Machete et al., 2001).

Because of the overall irregularity of the fault trace, we have used simplified representations of

the Teton fault geometry in ground motion models described in subsequent sections of this report.

For 2 or 3 plane representations of the fault, the planar fault sections used in the models are

typically within about 1 km of the surface trace defined by the fault scarps, but locally may be as

much as about 2 km from the surface trace defined by the fault scarps in areas where there are
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large re-entrants in the scarps such as near Moran Bay. Characterization of the Teton fault as a

single planar fault over the entire length of the fault scarps, inevitably leads to discrepancies of 5

km or more between the surface location of the single planar fault and the surface trace defined by

the fault scarps. This discrepancy arises because overall average strike of the southern portion of

the fault differs by more than 20º from the overall average strike of the central and northern

portions of the fault (e.g., Figure 2-2 or 2-3). Thus, in ground motion modeling discussed in the

following section of this report, the fault is displayed as two simplified planes, or simplified

rupture segments. The northern rupture segment as used in the ground motion modeling consists

of the northern and central fault sections discussed above, extending from the east side of

Steamboat Mountain to just south of Taggart Lake (Figure 2-2 or 2-3). The southern rupture

segment coincides with the southern fault section and extends from just south of Taggart Lake to

Phillips Canyon.

2.2.2.1   Relationship of the Late Quaternary Fault to Older Structures.  Most

previous investigations of the Teton fault have recognized some linkage between the late

Cenozoic deformation and earlier tectonic events in the area (e.g., Love and Reed, 1968, Lageson,

1992; Smith et al., 1993; Byrd et al., 1994). This has led to several differing views on the structure

of the Teton fault. It appears that the strongest case for direct linkage between the Teton fault and

preexisting structure can be made on the southern section of the fault where it appears that the

fault has responded to the north-dipping Cache Creek thrust (e.g., Lageson, 1991). However,

further north along the fault, the influence of this structure is diminished by its increased depth.

As discussed subsequently in Section 4, geophysical characteristics of the basin differ

substantially between the northern and southern portions of the basin. Some differences in

perceptions of the structure of the Teton fault are the result of portraying the structure at different

locations along the fault. Notably, sections based on Behrendt et al. (1968) which are drawn

through the area between Jenny Lake and Jackson Lake, reflect a substantially differing structural

setting from that present on the southern Teton fault nearer the Cache Creek thrust as discussed by

Lageson (1992). Significant differences exist in previously published sections regarding the width

and number of traces associated with the Teton fault, and the dip of fault planes considered to be

part of the Teton fault (see Figures 2-4 and 2-5).
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For this study, the late Quaternary trace of the Teton fault is defined by the fault scarps on

Quaternary deposits along the range front. These data provide the surface location of the fault

trace associated with the most recent cycle(s) of earthquake activity. In contrast, the Teton fault(s)

defined by geophysical data (e.g., Behrendt et al., 1968) reflect subsurface characteristics of

bedrock units and structure that may or may not be associated with recent earthquake activity. The

geophysical data allow development of structural models which portray the cumulative effects of

the entire history of movement on the Teton fault and other structures. The faults defined by

geophysical data such as Behrendt et al. (1968), and data discussed subsequently in Section 4,

define elements of the basin structure through which seismic energy radiates to reach the site of

interest (Jackson Lake Dam). Thus, for the present investigation, it is important to distinguish the

elements of structural interpretation which are significant to the seismogenic fault rupture from

those which are significant to the overall composite structure of the basin. From this perspective,

it appears that the late Quaternary trace of the Teton fault, on which the most recent series of

earthquake-related surface ruptures have occurred, is not the trace which bounds the major basin

that underlies northern Jackson Hole and contains a thick sequence of lower velocity, lower

Figure 2-4:  Schematic geologic cross section of the Teton Range and Jackson Hole depicting a vertical 
offset of ~6 km on the Teton fault copied from Smith et al. (1993). The vertical displacement is 
estimated based on the offset of the Cambrian Flathead Sandstone exposed on top of Mt. Moran to its 
projected depth beneath Jackson Hole. The subsurface configuration of Mesozoic and Paleozoic 
sediments beneath Jackson Hole is based on a projection of limited outcrop data and well data taken 
from Love et al. (1992), Behrendt et al. (1968), and Tibbetts et al. (1969). Section is vertically 
exaggerated. Fault dip as shown is this section is about 60°.
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Figure 2-5:  Various interpretations of the Teton Range and Teton normal fault from 1938 through 1974 
(Figure 6 of Lageson, 1992).   ST=South Teton; MT=Middle Teton; GT=Grand Teton; OW=Mount 
Owen; Te=Mt. Teewinot; SJ= Mt. St. John; TF=Teton normal fault; GV Buttes=Gros Ventre Buttes; 
OBS=observed gravity; COM=computed gravity. Rock units: Q=Quaternary deposits; CZ=Cenozoic 
rocks; K=Cretaceous rocks; MZu=Upper Mesozoic rocks; MZ=Mesozoic rocks; MZl=Lower 
Mesozoic rocks; MZ-PZ=Mesozoic and Paleozoic rocks, undivided; PZ=Paleozoic rocks; and 
Random hachures=Precambrian basement rocks.
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density sediment (Figure 2-6). This further implies that the dip of the late Quaternary fault trace

may not be the same as the major, basin bounding structure (Figure 2-6).

For purposes of the present study, the trace of the Teton fault defined by fault scarps on late

Quaternary deposits is used as the site of the fault plane on which co-seismic rupture occurs. 

2.2.2.2   Fault Dip. Available information on the dip of the Teton fault was reviewed

by Byrd et al. (1994) and Byrd (1995), who concluded that the dip of the seismogenic fault lies

between 45-75º. This range was derived primarily from regional information on the dip of faults

associated with large normal-fault earthquakes and from limited geophysical information in the

northern portion of Jackson Hole (see Byrd et al., 1994 and Byrd, 1995 for details). Most

estimates compiled by Byrd et al. (1994) were within the range of 45-75º, with the notable

exception of Behrendt et al. (1968) who showed a dip of 35º for the Teton fault. However, as

noted in the section above, the fault of Behrendt et al. is not coincident with the late Quaternary
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Figure 2-6:  Schematic geologic cross section depicting late Quaternary Teton fault versus basin structure 
to east of fault. The subsurface configuration of Mesozoic and Paleozoic sediments beneath Jackson 
Hole is based Behrendt et al. (1968). Note that western basin boundary fault (Teton fault of Behrendt et 
al., 1968) dips about 35º east and is offset about 1-2 km from the trace of the late Quaternary Teton 
fault. Possible subsurface projections of the late Quaternary Teton fault are shown with thick dashed 
lines for dip ranges of 30-75º. Thin dashed lines beneath JLD (Jackson Lake Dam) show 
projected positions of Huckleberry Ridge Tuff, 10º, and Conant Creek Tuff, 20º, which have 
been rotated westward by late Cenozoic movement on the Teton fault.
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fault trace and more likely reflects an older, basin-bounding structure(s) rather than indicating the

dip of the late Quaternary seismogenic fault.

Along the late Quaternary fault trace, the fault exposed in the trench at Granite Creek had a dip of

75-85º based on the 2-m high exposure in the trench (Byrd, 1995). Near-surface steepening of

fault planes in surficial alluvium has long been recognized and dips from the trench exposures are

clearly oversteepened. The fault scarps along the Teton fault traverse several areas of significant

relief which potentially could be used to estimate fault dip over elevation ranges of 50 - 300 m.

However, the surface trace of the fault is very irregular, consisting of fault planes with multiple

orientations, and many step-overs. This complex geometry, combined with the relative lack of

detail associated with the existing compilations of fault scarps, has thus far frustrated any attempts

to use the fault scarp data to generate a meaningful estimate of fault dip.

Evidence from historical normal-faulting earthquakes in the western United States, notably the

1959 Hebgen Lake and 1983 Borah Peak earthquakes, indicates that fault planes that ruptured

during these earthquakes likely had dips near 45º (e.g., Smith and Arabasz, 1991). Further

compilations of data from large normal-faulting earthquakes suggests that there is marked

preference for dips near 45º, but with significant spread over a range of 30-60º (Thatcher and Hill,

1991; Collettini and Sibson, 2001). There appears to be little seismological evidence for fault dips

of less than 30º in association with historical normal-faulting earthquakes. 

The evidence from the historical earthquakes indicates that a preferred dip of about 45º, and a

range of 30-60º should be considered as the likely range of dips associated with fault rupture on

the late Quaternary trace of the Teton fault. The dips of buried faults within the basin, such as the

fault trace defined by Behrendt et al. (1968) are probably lower than the currently active fault

trace. Most models of fault basin evolution suggest that these intrabasin faults likely have dips

that are less than the currently active fault due to rotation on the hangingwall block (e.g., Buck,

1993; Wernicke, 1995; Lavier et al., 1999). Thus, the 35º dip of the Teton fault as shown by

Behrendt et al. (1968) is further evidence that the lower bound on the for the presently active trace

of the Teton fault is probably greater than 30º.
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2.2.3   Slip Rate and Along-Strike Variations in Displacement. There are four types of

data that allow estimates of slip rates for the Teton fault: 1) estimated stratigraphic offsets of the

pre-Cenozoic bedrock units and late Cenozoic volcanic units, 2) detailed topographic maps and

profiles across fault scarps on late Quaternary deposits, 3) measured displacements from the

trench across the fault scarp at Granite Creek, and 4) estimates of slip based on submerged

shorelines beneath Jackson Lake. Not all of these data are directly comparable because of

differences in the way these estimates are derived. Further, not all investigators have been clear in

stating whether their slip rates or displacement values represent vertical estimates or displacement

along a fault of unspecified dip. Despite these difficulties, the first type of data provide long-term

values for large sections of the fault because outcrop data are compiled from a large region and

combined into a single cross section. The scarp profile and trench data provide estimates of slip at

specific locations along the fault that reflect the behavior through the last several faulting

episodes at specific points along the fault. Combinations of these point data can be used to derive

averaged values along the length of the fault. Estimates of slip rate derived from the submerged

shorelines beneath Jackson Lake again represent a set of averaged values for a large section of the

fault, but have the advantage the areal variations in the shoreline deformation can be described

and related to the displacement on the fault.

A significant source of uncertainty for slip rate estimates derived from the pre-Cenozoic and late

Cenozoic rock units is related to the dip of the fault and the width and number of fault traces that

may comprise the fault zone. The potential for slip on multiple fault traces and effects of rotation

through time greatly complicate these estimates and their reliability. Because outcrop data must

be projected to the estimated fault location, even vertical displacement estimates are sensitive to

the assumed fault dip and width. Thus, these estimates should be considered only as providing

very loose constraints on contemporary slip rates. Byrd et al. (1994) summarized previous

displacement estimates for the Teton fault, which ranged between 2 and 11 km of total slip.

Estimates of the total displacement for the central portion of the Teton fault range from about 6

km (4 mi) (Smith et al., 1993b) to about 10 km (6 mi) (Love, 1977). These values are based the

estimated stratigraphic offset of Precambrian and Cambrian rock units in the central portions of

Jackson Hole (Figure 2-4). The age of initial displacement on the Teton fault is not known with
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certainty, but appears to be near the time of deposition of the Conant Creek Tuff based on the

concordancy of dip between this unit and older, underlying units in Jackson Hole (Gilbert et al.,

1983; Smith et al., 1993b). Based on these relations, an age for initial movement on the Teton

fault of about 5 to 6 Ma is commonly assumed, yielding long-term average slip rates of about 1-2

mm/yr (e.g. Gilbert et al., 1983; Smith et al., 1993b). Somewhat lower rates could be derived

based on the Byrd et al. (1994) preferred displacement value of 2.5 - 3.5 km.

Similar long-term slip rates can be derived from the estimated offset of the Conant Creek Tuff and

Huckleberry Ridge Tuff in the northern portion of Jackson Hole. Offset is estimated based on the

observed westward tilt of outcrops in the area (e.g., Figure 2-6). Vertical offset of the 4-6 Ma yr

old Conant Creek Tuff may be on the order of 5 km (3 mi) suggesting a long-term rate of about

1 mm/yr (Pierce and Good, 1992). Leopold and Love (2002) suggest that uplift on the Teton fault

was in two phases, the most recent of which post-dated deposition of the Huckleberry Ridge Tuff.

Projections of the 2-Ma yr old Huckleberry Ridge Tuff suggest vertical offset on the order of 2400

- 2800 m (Gilbert et al., 1983) and resultant slip rate estimates of 1.25 mm/yr ± 20% (Pierce and

Good, 1992). The southernmost outcrops of these tuffs in Jackson Hole are located near Jackson

Lake Dam, but outcrops north of the dam and east of Jackson Lake are faulted by several other

subsidiary faults which also probably contribute to the observed tilts. Thus, while topographic

relief on the Teton Range diminishes to the north along the west shore of Jackson Lake,

presumably indicating decreasing displacement on the fault, observed tilt on outcrops of the

Huckleberry Ridge Tuff does not diminish to the north (see data in Gilbert et al., 1983, Figures

D-2 and D-3). However, if some displacement of the Huckleberry Ridge Tuff resulted from

displacement on other subparallel traces of the Teton fault, the estimated vertical displacement

derived from the tilt of Huckleberry Ridge Tuff outcrops may be considerably less.

As discussed previously, there is little data on the actual dip of the Teton fault, which Byrd (1995)

estimated to be 45-75º. For this range of dips, the difference between the true slip and the vertical

slip rate would be between about 10-40 per cent, with vertical slip underestimating true slip. Love

and Montagne (1956) suggested that the westward tilt of alluvial surfaces in Jackson Hole south

of Jenny Lake was due to movement on the Teton fault. Based on boundary element models, Byrd

et al. (1994) estimated that the westward tilt interpreted in surfaces in the Love and Montagne
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(1956) profiles was consistent with a minimum of 110-125 m dip-slip displacement on the Teton

fault over a depth range of 0-15 km and dips of 45-75º. Based on the surface ages of 25,000 to

75,000 years used by Byrd et al. (1994) in their analyses, the minimum slip rate for the fault south

of the Jenny Lake area would be 1.5 - 5 mm/yr. However, their analysis did not account for the

pre-existing depositional slopes of the surfaces towards the Teton fault, which likely would

reduce the slip rate estimate substantially.

Estimates of late Quaternary vertical slip on the Teton fault from scarp profiles (e.g., Bucknam

and Anderson, 1979) have been made at about 17 sites along the length of the fault (Appendix A,

Table A-2). These profiles provide measured estimates of the vertical component of fault slip;

which must then be increased for the dip of the fault to obtain a true estimate of slip. At most sites

this adjustment is probably relatively small because the near surface dip of the fault is probably

60-75º based on exposures from the trench at Granite Creek.

An additional source of uncertainty arises from the potential for a lateral component of slip on the

fault. At most sites, there are insufficient geomorphic data to determine whether a lateral

component of slip is present or absent. However, a some sites along the fault, particularly where

the fault has a marked NE strike, it appears that significant left-lateral slip may be present (e.g.,

Smith et al., 1993b). At a few of these sites, detailed topographic surveys of the offset landforms

permit estimates of the lateral slip component and appear to indicate that at least locally, lateral

and vertical slip components may be nearly equal (Smith et al., 1993b; Byrd, 1995). At these sites,

estimates based solely on the vertical offset from the scarp profiles may be as much as 40 per cent

too low. However, the largest source of uncertainty in the calculated slip rate is introduced by the

lack of data on the age of the deposits on which the scarp profiles are measured. At several of the

sites where scarp profiles have been measured, there is a factor of 2 to 3 uncertainty in the age of

the faulted deposits (Appendix A, Table A-2).

Vertical slip rates on the Teton fault are largest in the central section of the fault, and decrease

towards both ends (Figure 2-7 and Appendix A, Table A-2). The overall pattern of displacement

along the fault is only weakly correlated to the topographic expression of the range (Byrd, 1995),

except along the northern part of the range where the topographic expression of the range mimics
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Figure 2-7:  Estimated vertical slip rates along the Teton fault. Upper graph shows range profile footwall 
block along a line about 2-3 km west of late Quaternary fault trace. Major peaks are labeled above the 
profile; major canyons are labeled below the profile. Fault sections and selected geographic locations 
are shown between graphs; for complete data see Appendix A, Table A-2. Slip rate data are shown in 
lower graph: diamonds show slip rates from scarp profiles; filled symbols are mid-range values, open 
symbols depict uncertainty in rate, primarily due to uncertainty in age of the faulted deposits. Red 
symbols show effects of considering lateral component of offset on slip rate. Blue bars show rates 
derived from other records. Vertical extent of bars shows uncertainty in slip rate estimate. Horizontal 
bars depict areal extent of applicability of the rate information along the fault.
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the pattern of slip along the fault. Vertical slip rates along the southern section of the fault, south

of the Taggart Lake area, appear to mostly lie in the range of 0.3 - 1 mm/yr. However, along this

section of the fault, there are several sites where the lateral separation appears to be nearly as large

as the vertical offset (Smith et al., 1993b). In the central section of the fault, from the Jenny Lake

area to Moran Bay, most vertical slip rates are in the range of 1 - 2 mm/yr, and may be as high as

2.5 - 3 mm/yr. The highest slip rate estimates are all obtained from scarp profiles along the crest

of moraines constructed by Teton Range glaciers. These types of sites are potentially susceptible

to secondary deformation which could enhance the size of the scarps, and have very large

uncertainties in their ages as well (Appendix A, Table A-2). North of Moran Bay, vertical slip

rates are again in the range of 0.3 - 0.7 mm/yr for a >10-km-long section of the fault along the

west shore of Jackson Lake. Vertical displacement appears to gradually decrease over the

northernmost 10 km of fault length and dies out on the east side of Steamboat Mountain.

Previous studies that characterized slip rate on the Teton fault have used basically the same data

discussed above. Machette et al. (2001) placed most sections of the Teton fault in a slip rate

category of 0.2-1 mm/yr. The northernmost section of the fault near Steamboat Mountain was

listed as <0.2 mm/yr and the central section as 1-5 mm/yr. Wong et al. (2000) included four

weighted slip rate values between 0.5-4 mm/yr. Values of 1.5 and 2 mm/yr received 70 per cent of

the weight in their model. 

For this study, we note that slip rates vary substantially along the length of the fault and are

strongly dependent on the assumed dip of the fault. Uncertainty in the ages of the faulted late

Quaternary deposits contributes substantial uncertainty, as does the need to account for

observations of lateral displacements at several sites along the fault. Despite these factors, it

appears clear that the maximum slip rate for the late Quaternary Teton fault occurs along the

section of the fault just west and south of Jackson Lake, and is probably near 2 mm/yr, but could

be as large as 5 mm/yr if the fault dip is low. Slip rates appear to taper to zero over distances of 5

to 10 km at each end of the fault (Figure 2-7).

2.2.3.1   Age(s) and Number of Faulting Events. Detailed information on the age,

number, and extent of faulting events along the Teton fault is generally lacking. Limited

information is available from two areas located about 25-40 km apart (Table 2-1): 1) a trench on
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Fault 
Estimated Vertical 

Displacement per Event
(m)

Data Source

N
Te

 (N
N

>0.7 from delta 
backflooding for MRE; 
earlier event uncertain.

Pierce and 
Good, 1992; 

Connor, 
1998

North
Ce
Te

(N11 

>1.4 from spacing of 
shorelines east of 

Bearpaw Bay; >0.8 
from spacing of 

shorelines east of 
Spaulding Bay.

Pierce and 
Good, 1992; 

Connor, 
1998

South
S-5 a

~ 2 ± 0.8
(1.3 @ 4 ka and 2.8 @ 

7.9 ka)

Byrd, 1995;
Byrd et al., 
1994; Smith 

et al., 
1993a,b;

* The  Lake and the pattern of subsidence along 
the fa splacement event on the central section of 
the fa isplacement were to occur on the northern 
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Table 2-1: Teton Fault - Event Data

Section Site Name Geomorphic Setting and 
Type of Evidence

Age of 
Faulting 
Events

(thousands of 
years)

Number of Faulting 
Events

Inferred 
Average Return 

Period
(thousands of 

years)

orth 
ton*
5? to 
9?)

Snake River 
Delta

Snake River, Lizard and 
Arizona Creek fan-delta 

alluvium and pre-reservoir 
Jackson Lake shorelines. 

Backflooded delta deposits 
and beaches constructed 

across Snake River 
alluvium. Landforms from 

secondary deformation.

~ 2
~4

2 subsidence* or strong 
ground shaking events in 

the past 4,000 years.

~2 since 4 ka

 and/or 
ntral 
ton
to C4?)

South Jackson 
Lake - east of 
Bearpaw Bay 

and east of 
Spaulding 

Bay

Submerged pre-reservoir 
Jackson Lake shorelines

all younger 
than 17

Ten subsidence events in 
the past 17,000 years

1.6 - 2.1 over 
past 17 ka

 Teton
nd S6

Granite Creek Trench exposure of faulted 
post-glacial deposits.

~ 4
~7.9

2 displacement events in 
the past 8,000 years

~ 4 since 8 ka

 post-earthquake position of shorelines relative to lake level is controlled by the relative subsidence of the outlet of Jackson
ult (See Figure 18 of Connor, 1998). Subsidence of the southern end of the lake, and/or the outlet area, resulting from a di
ult, could result in stranding or apparent "uplift" of shoreline features in the Snake River Delta area, even if no associated d

section of the fault. 
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the southern section of the fault near Granite Creek (Byrd, 1995; Byrd et al., 1994; Smith et al.,

1993b) and 2) from shorelines of the pre-reservoir Jackson Lake (Pierce and Good, 1992; Connor,

1998).

Results from trenching at Granite Creek indicate two surface faulting events, one about 4000

years ago and an earlier event about 7900 years ago (Byrd, 1995). These data appear to suggest

intervals of nearly 4000 years between faulting events on the southernmost portion of the fault. 

Adjacent to the northern end of the fault, near Bearpaw and Spaulding Bays in Jackson Lake,

submerged shorelines appear to indicate 8 to 10 earthquakes since deglaciation about

17,000-18,000 years ago (K. Pierce, personal comm., 2002). This implies average intervals

between earthquakes of less than 2000 years for at least the central portion of the fault adjacent to

Bearpaw and Spaulding Bays. The apparent submergence, based on the spacing of the submerged

shorelines, is relatively uniform over the entire record (Figure 2-8), although no specific ages

have been obtained for any of these shorelines. Data from shorelines near the Snake River delta at

the north end of Jackson Lake indicate a submergence event on the delta about 2000 years ago,

and a strong ground shaking event about 4000 years ago (Pierce and Good, 1992). These are

presumed to be related to faulting events on the northern section of the fault, although the extent

of fault rupture associated with these events is not constrained and could involve rupture on the

central section of the fault as well. Shoreline submergence results from changes in lake levels that

are a complex product of subsidence at the shoreline site and subsidence and/or base level

changes at the natural outlet of Jackson Lake (Pierce and Good, 1992; Conner, 1998). Thus, the

shoreline data are difficult to relate to specific faulting scenarios along the Teton fault.

2.2.4   Segmentation. The existing data are not sufficient to determine whether the Teton

fault is segmented (Machette et al., 2001). As summarized above, there is only limited data

available on the age of individual faulting events, mostly from sites near the ends of the fault

(Table 2-1). The fault geometry lends itself to subdividing into fault sections, which some

investigators have also used as a basis for segmentation. For example, Smith et al. (1993b)

suggested that the fault consisted of 2 or 3 segments based primarily on strike changes and

geophysical data. However, Ostenaa and Gilbert (1988) noted that the fault geometry was

consistent with rupture along entire fault length.
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2.3  Potential Fault Rupture Models

Based on the existing geologic data, three general groups of potential rupture models are proposed

for the Teton fault. Of these models the first is considered somewhat more plausible, primarily

because of its simplicity, while the second and third models are considered less plausible. One of

the strongest constraints on faulting behavior comes from the submerged shoreline data from

Jackson Lake. This data appears to imply that the displacements for each of the faulting events on

this part of the fault are relatively similar, and provide a data point for the approximate average

frequency of submergence events during the past ~17,000 years. The extent to which the models

honor these data is the primary discriminant amongst the models.

General fault geometry is described in the previous section. The only difference in fault geometry

for each of the models is in the length and amount of displacement along strike. Potential linkage

Figure 2-8:  Shoreline intervals for Bearpaw Bay shorelines. Solid bar shows mean and 1s variation for 
event shoreline interval based on either 8 (upper panel) or 9 (lower panel) submergence events. Data 
from K. Pierce (personal communication, 2002). 
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of the Teton fault with the Beula-Herring Lake faults, as proposed by Wong et al. (2000), is not

considered in this analyses because of the apparent lack of evidence for surface rupture on these

faults (Ostenaa et al., 1993), the much smaller long-term slip rates on these faults compared to the

northern section of the Teton fault, and the 30+ km distance for the closest approach of these

faults to Jackson Lake Dam. Slip rates on the northern section of the Teton fault appear to be

mostly in the range of 0.3 - 0.7 mm/yr and decrease to the north (Figure 2-7 and Appendix A,

Table A-2). They are nearly an order of magnitude greater than long-term slip rates for the Buela -

Herring Lake faults (see data tabulation in Wong et al., 2000).

2.3.1   Unsegmented, with Variable Displacement Along Strike.  This type of fault

rupture model appears to provide the most simple reconciliation of the limited data for individual

faulting events along the Teton fault. In this model rupture extends over nearly the entire length of

fault, up to 58 km for the largest events and ~40-45 km for slightly smaller events. The

displacement pattern varies along strike as shown by variations in slip rate (e.g., Figure 2-7).

Displacement near Moran Bay is ~1.5 m as indicated by average spacing of submerged shorelines

in Jackson Lake. Maximum displacement is ~4.5 m on sections of the fault near Bearpaw Bay and

Jenny Lake. For some events, rupture does not extend fully to the south end of the fault which

could account for differences in the age of the most recent event at the Granite Creek trench site

versus the age of apparent faulting events from submerged shorelines on the Snake River delta in

Jackson Lake. This model would appear to imply nucleation of most ruptures on the central and

northern sections of the fault. On average, for this model there is one faulting event about every

1700-2000 years based on the number of submerged shorelines in Jackson Lake (i.e., there have

been 8-10 large surface faulting earthquakes in the past 17,000-18,000 years on the Teton fault).

Thus, about half of the faulting events would not include full rupture of the southern 10 - 15 km of

the fault (fault sections S3-S10 on Figure 2-3), including the Granite Creek trench site (Byrd et

al., 1994; Byrd, 1995). Earthquake magnitudes for these events would likely be somewhat smaller

than for events that involve the entire fault length.

2.3.2   Two Independent Fault Segments with Overlapping Rupture. In the second

fault rupture model, the northern and southern sections of the fault behave independently, but

have overlapping rupture on the central section of the fault. Individual earthquake magnitudes
Jackson Lake Dam 38
Ground Motion Evaluation



FINAL REPORT June 13, 2003
would be somewhat smaller in this model, but the total number of large earthquakes on the fault

over a given time interval might be larger than in the first model. A northern fault segment would

rupture between the area of Taggart Lake and Steamboat Mountain, with displacement of ~1.5 -

2 m along much of the 35-40 km length. Maximum displacement would be in the area between

Jenny Lake and Bearpaw Bay. A southern fault segment would rupture between Phillips Canyon

and Bearpaw Bay. Displacement would be ~2 m along much of the segment with maximum

displacements in the Taggart Lake to Jenny Lake area. Total rupture length would be ~35 km. On

average, this model implies one faulting event every 2000 years on the northern segment, and one

faulting event every 4000 years on the southern segment. Thus, over a time of 17,000-18,000

years, possibly 12-14 large surface-faulting earthquakes might originate on the Teton fault.

2.3.3   Three Independent Fault Segments.  This model implies that individual fault

ruptures on the Teton fault would be limited in length to about 20-25 km, and hence typical

magnitudes would be somewhat smaller than in either of the previous two models, but

significantly more large earthquakes would need occur. The northern, central, and southern

sections of the fault each rupture as independent fault segments with negligible overlap. Rupture

on the northern segment would extend between Steamboat Mountain and Moran Bay, a distance

of ~20 km. Maximum displacement would be ~1.5 - 2 m along the western shore of Jackson Lake.

Rupture on the central segment of the fault would extend between Taggart Lake and Moran Bay, a

distance of ~25 km. Displacement would either be ~1.5 - 2 m along much of the length of the

fault, or 2-3 times that if events are somewhat less frequent. Rupture on the southern fault

segment would extend between Phillips Canyon and Taggart Lake, a distance of about 22 km.

Displacement would be ~2 m along much of the fault segment. On average, there is one faulting

event every 2000 years on the northern fault segment, one faulting event every 1700 years on the

central segment of the fault, and one faulting event every 4000 years on the southern segment of

the fault. This would imply that over a period of 17,000-18,000 years, the Teton fault would be

the potential site of 20-25 large surface rupturing earthquakes.

2.3.4   Implications for Ground Motion Models.  The general lack of specific

paleoseismic event data for the Teton fault implies that potential ground motion models based on

specific fault slip geometries need to consider a broad range of scenarios. At present there is
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insufficient data to reliably discriminate amongst these potential scenarios. The existing geologic

data appear to be permissive of paleoseismic events associated with surface rupture lengths of ~20

to ~60 km and individual slip events of 1.5 - > 5 m. If most paleoseismic events have somewhat

shorter rupture lengths and smaller individual slip, the average frequency of events will be much

shorter and earthquake magnitudes will be somewhat smaller. As outlined in the Sections 2.3.1 to

2.3.3 and summarized in Table 2-2, the average intervals between large surface-rupture events on

the Teton fault could be as low as several hundred years or as long as a few thousand. What

appears to be the most simple model of fault rupture on the Teton fault, i.e, an unsegmented

model, suggests that large events involve most of the fault area with average return intervals of

about 1700 to 2000 years. If the fault is segmented to any extent, the average return interval for

large events decrease significantly. Because Jackson Lake Dam is located nearly astride the likely

boundary of the northern and central sections of the fault, rate and event data for these sections of

the fault appear to be most significant to the ground motion evaluations for the damsite. For use in

simplified probabilistic analyses, the unsegmented scenario could be weighted 0.5, the two

segment scenario weighted 0.3, and the three segment scenario 0.2, leading to a mean average

return interval of about 1180 years.  

Table 2-2: Teton Fault Rupture Scenario Summary

Fault rupture 
scenario

Number of 
fault rupture 

segments

Estimated number 
of 

paleoearthquakes 
in past 17-18 ka.

Average 
earthquake 

return 
interval 

(ka)

Typical 
rupture 

length (km)

Typical 
paleoearthquake 

magnitude*
(Mw)

Unsegmented, 
with variable 

displacement along 
strike

1 8 - 10 ~1850 45 - 60 7.1

Two independent 
fault segments 

with overlapping 
rupture

2 12 - 14 ~1350 35 - 40 6.9

Three independent 
fault segments

3 20 - 25 ~800 20 - 25 6.7

*Typical magnitude for 45° fault dip and 16 km rupture depth from fault-area relationships of Wells and 
Coppersmith (1994).
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 3.0   SEISMICITY ANALYSES

In this section, we describe analyses of data from the Jackson Lake Seismic Network (JLSN) to

develop three-dimensional (3D) velocity models of the crust, earthquake locations, focal

mechanisms, and an earthquake catalogue for recurrence analyses. It is necessary to develop a 3D

velocity model of the crust to accurately locate earthquakes, to determine focal mechanisms, to

perform earthquake declustering for earthquake recurrence analyses, and to estimate ground

motion responses in the vicinity of Jackson Lake Dam.

Figure 3-1 shows the geographic distribution of JLSN stations. The network initially consisted of

16 short-period (1 Hz) vertical-component (Geotech model S-13) seismographic stations. An

additional four stations were installed in 1990 to improve monitoring coverage, bringing the total

to 20 stations. Prior to Oct. 2000, the network used analog telemetry between station sites and

communications collection facilities located in the field. The analog signals were relayed to

Denver over dedicated phone circuits and digitized using a real-time computer system equipped

with a 12-bit digitizer. Data were time-stamped in Denver using either GPS- or GOES-based

timing systems. From Oct. 2000 to Oct. 2002, the data were digitized at the communications

collection facilities in the field using 16-bit digitizers equipped with GPS time-keeping systems,

and then relayed to Denver via local Frame Relay links to Reclamation’s wide-area network. This

change greatly improved signal-to-noise ratios by reducing analog data transfers to relatively

short transmission paths via FM radio between the seismographic stations and the field

communications collection facilities. Seven digital broadband three-component velocity

seismographs were installed from 1996 to 2001 on-or-near Jackson Lake Dam to provide site

response recordings of local earthquakes (Figure 3-2). Four of the site-response stations operated

intermittently until the end of Oct. 2002. A detailed description of the original (16-station)

short-period seismographic network and instrumentation is found in Wood (1988). The

site-response instrumentation is described in Chapter 5 of this report.

From 1986 through 2002, more than 16,000 local earthquakes were recorded by the seismic

network, ranging in magnitude from 0.5 to 4.7. Of these earthquakes, about 1,550 were greater

than magnitude 2.0. Earthquakes of this size and larger were typically recorded clearly on most of
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Figure 3-1:  Map showing the distribution of JLSN seismographic stations. The filled triangle is station 
YPBE from the University of Utah Yellowstone seismic network. JLSN stations are open triangles 
labeled with four-letter station names, the Jackson Lake Dam site response array is the cluster of 
triangles labeled JLD array, the line segments show the surface traces of the Teton fault, and the 
town of Jackson is the square. The map coordinates are the Cartesian grid coordinates used in the 
3D velocity-hypocenter inversion.The origin of the cartesian grid is 43.6°N, 110.75°W. 
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Figure 3-2:  Map showing the distribution of Jackson Lake Dam site-response seismographs. Jackson 
Lake Dam site-response stations are labeled triangles; the designation JLD[5,4,3] refers to station 
JLD5 on the dam crest, station JLD4 on the eastern dam toe, and station JLD3 located east of the 
treated foundation zone. The solid line segments show the surface traces of the Teton fault. The dotted 
line shows the idealized position of the Teton fault used in Section 6 to synthesize ground motions at 
station JLDW. The dashed line shows that the credible eastern limit for an idealized position of the 
Teton fault is about 0.5 km closer to the dam than the Teton fault position used in Section 6. The map 
coordinates are the Cartesian grid coordinates used in the 3D velocity-hypocenter inversion.The rock 
reference station, JLDW, is located furthest from the idealized Teton fault surface traces at distances 
of 11.2-to-11.7 km due east of the fault traces Station JLD7 as located near the northern end of the 
dam, and is the closest station to the Teton fault at distances of 10.4-to-10.9 km due east of the 
idealized Teton fault surface traces. Station JLD2 is the station near the dam that is furthest from the 
Teton fault at distances of 11.1-to-11.6 km due east of the fault traces.
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the stations in the seismic network. All earthquakes were automatically processed in real time.

Phase arrivals for all local earthquakes equal or greater than magnitude 2, along with selected

smaller earthquakes, were subsequently interactively picked and reprocessed. Routine processing

included phase picking, magnitude estimation, 1-D hypocenter location, focal mechanism

determination, and seismic moment estimation.

3.1  Hypocenter-Velocity-Station Correction Inversion

3.1.1   Procedure. A joint hypocenter-velocity-station correction inversion was

performed using arrival times from a subset of 1150 earthquakes with well-constrained

hypocenters. These events were selected from all events recorded between August, 1986, and

May, 2002, having initial locations within the region bounded by the Jackson Lake seismic

network. The events were selected using the following criteria: number of stations with arrival

times ≥ 12, maximum azimuthal gap ≤ 160o, and distance from epicenter to the nearest recording

station divided by the focal depth ≤ 2. The number of events included in the inversion was further

reduced using a spatial distribution criteria, in order to limit spatially redundant data and thereby

reduce computation time. These 1150 events provided 18,117 P-wave arrival times. S-wave

arrival times were not included in the inversion because of a lack of spatially-distributed

three-component stations and significant uncertainty about S-wave arrival times determined

solely from vertical component seismographs. 

Earthquake hypocenters, P-wave velocities, and station corrections varied simultaneously during

the inversion. Initially, P-wave velocities were only allowed to vary vertically, and subsequently

they were allowed to vary in three dimensions. Station corrections were only included for those

stations located outside the 3D velocity grid and for stations JLD2 to JDL7, located on soil sites

near Jackson Lake Dam. Arrival times from 40 quarry explosions provided some constraints

during the inversion. The z coordinates of these events were fixed at the known elevation of the

quarry, while the (x,y) coordinates and origin times varied. Details of the inversion procedure are

included in Appendix B.

Following the inversion, 4642 events were relocated with the final 3D P-wave velocity model and

station corrections. These events were selected from all recorded events using the following
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criteria: number of stations with arrival times ≥ 6, maximum azimuthal gap ≤ 225o, and distance

from epicenter to the nearest recording station ≤ 20 km. 

3.1.2   Improvement in Residuals. The 3D P-wave velocity model and corresponding

station corrections obtained from the hypocenter-velocity-station correction inversion provide a

much better fit to the data than that obtained with the original model. For all relocated events, the

mean absolute P-wave arrival time residual decreased by 32% (Figure 3-3). 

3.1.3   New Velocity Model and Station Corrections.  Horizontal slices through the final

3D P-wave velocity model are shown in Figure 3-4. Although velocities were allowed to vary

during the inversion from +2 to -16 km elevation (relative to mean sea level), only cross sections

at and above -5 km elevation are presented because of a lack of significant horizontal velocity

variations below that depth. The discrete-node velocity model (with linearly-interpolated

velocities between nodes) used during the inversion was interpolated onto 1 km x 1 km x 1 km

constant-velocity pixels for plotting. Pixels that are not crossed by at least one ray path are not
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Figure 3-3:  Histograms of arrival time residuals. Initial (dashed lines) and final (solid lines) are 
P-wave residual histograms from 4642 events relocated with the new model from the 
hypocenter-velocity-station correction inversion. 
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Figure 3-4:  Plan views of P-wave velocities for elevations (relative to mean sea level) of -5 km to 2 
km. Triangles are seismographic stations. Black pluses are hypocenters within 0.5 km of each the 
plotted elevation. Regions where velocities are not constrained by ray coverage are shaded white. 
The town of Jackson, Wyoming, is the black square in the 2 km elevation plot. The plots are 
continued on the next page.

(sea level)
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Figure 3-4 continued.
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plotted (e.g., these pixels are white). The seismic stations that lie within the 3D velocity grid are

shown on the plan-view constant elevation plots for reference. The final locations of the events

used in the inversion that occur within 0.5 km of each cross section are also plotted.

Four P-wave low-velocity anomalies are centered near seismic stations JLDW (at Jackson Lake

Dam), MUDI, SNOW, and HAYW. The relatively low P-wave velocities occur from the ground

surface to at least -2 km elevation. The anomaly around station JLDW, which has the lowest

velocities (as low as 3.4 km/s), disappears between -2 and -3 km elevation (between 4.1 and 5.1

km depth). While the shallowest velocities may be vertically smeared due to insufficient ray

coverage, the lower boundaries of the velocity anomalies are fairly well-constrained by the data. 

The P-wave station corrections obtained from the joint inversion are listed in Table 3-1. Station

corrections were included only at stations located outside the 3D velocity grid and at stations

JLD2 to JLD7, located on soil sites near Jackson Lake Dam (Figures 3-1 and 3-4). A positive

Table 3-1: Station corrections from the hypocenter-velocity-station correction inversion.

STATION NAME P-WAVE STATION 
CORRECTION (s)

ALPW -0.157

ANGW 0.007

GRAI 0.326

PINI -0.025

STEW 0.102

YPBE 0.022

JLD2 0.036

JLD3 0.041

JLD4 0.026

JLD5 0.053

JLD6 0.043

JLD7 0.031
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station correction indicates that velocities along ray paths going to the station are lower than that

given by the velocity model, while a negative station correction indicates relatively high

velocities. For a station that is located outside the 3D velocity grid, the station correction reflects

cumulative velocity variations between the edge of the grid and the station. For stations JLD2 to

JLD7, which are located on soil sites within the 3D velocity grid, the positive station corrections

indicate that the shallow local velocities are lower than those given by the velocity model. The

relative size of the station corrections at stations JLD2 to JLD7 is not solely indicative of the

relative velocities of materials beneath these stations because the velocity model also varies

laterally across these stations. The velocities in the model decrease from station JLD2 on the

south to station JLD7 near the northern end of Jackson Lake Dam.

3.1.4   Final Earthquake Locations. The final locations of the 4642 events relocated in

the new model are plotted in Figure 3-5. The locations of earthquakes occurring beyond the

perimeter of the seismic network are much less well-constrained than those occurring within the

network. The seismicity is distributed throughout the network, with some epicenters concentrated

in several distinct clusters. A generally low seismicity rate is associated with the northern

two-thirds of the Teton fault, a result typical of many western U.S. normal faults (Smith and

Arabasz, 1991).

A histogram of the elevations of the final event locations is presented in Figure 3-6. The median

event elevation is -4.9 km (with respect to mean sea level). Very few earthquakes occur below -12

km elevation.There is a slight tendency for earthquake elevations to deepen from the north toward

the south (Figure 3-7). Earthquakes tend to cluster closer to a Teton fault dipping 35° than for a

dip of 60° along the northern segment of the Teton fault (depth cross sections with north

coordinates of 20 km and 40 km in Figure 3-7), but the earthquake locations are too diffuse near

the Teton fault to draw strong conclusions about fault dip solely from the earthquake locations.

3.2  Focal Mechanisms

Focal mechanisms were estimated for 4600 earthquakes from the 4642 events relocated using the

3D velocity model; the 42 blast events were ignored. Based on the criteria used for event selection

and relocation, these earthquakes had reasonable seismographic station coverage. Focal
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mechanisms were estimated using P-wave first motions and SV/P amplitude ratios from vertical

component seismograms in an approach similar to Kisslinger (1980) and Kisslinger et al. (1981),

as updated and improved by Anderson and O’Connell (1998) and O’Connell and Unruh (2000),

and further improved as described here. A simulated-annealing, downhill-simplex algorithm
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Figure 3-5:  Plan view of the final locations of 4642 events relocated in the 3D velocity model from the 
joint inversion.Triangles are seismographic stations and small grey pluses are the epicenters. The 
crooked lines show the surface traces of the Teton fault. Station YPBE is part of the Yellowstone 
seismographic network operated by the University of Utah.
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(Press et al., 1992) was used to calculate double-couple focal mechanisms. The starting simplex

was constructed to have a normal-faulting node, two strike-slip nodes, and an oblique

reverse-faulting node. The first simulated annealing solution was then perturbed four more times

to sequentially substitute each of the initial four simplex nodes (one normal, two strike-slip, and

one reverse) into the “final” solution simplex to produce four additional focal mechanism

solutions. P-wave first motions were weighted 10 times more than SV/P ratio misfits and an L1

norm was used to calculate total misfits. The 20% of the SV/P amplitude ratios with the worst

misfit were ignored because SV/P can become unrealistically large near nodal positions. SV/P

data from stations at distances greater than 100 km were always ignored in the inversion. SV/P

data in the 50 km to 100 km range were linearly downweighted from one to zero, respectively.

One second P-wave windows and 5 second S-wave windows were used to calculate integral

displacement amplitudes. The velocity seismograms are high-pass filtered with a one pole

Butterworth filter at one Hz and double integrated to estimate long-period displacement levels.

This method of calculating displacement integral amplitudes was compared to spectral fitting

procedures to displacement spectra, and found to be more stable than spectral approaches. A total
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Figure 3-6:  Histogram of the final earthquake elevations (with respect to mean sea level, e.g., 0 km). 
The histogram was constructed using the 4642 events relocated in the 3D velocity model from the 
joint inversion.
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of 28 “temperature” levels were used in the simulated annealing inversions, with a maximum of

90 function evaluations at each “temperature”. The starting “temperature” was set to a value

corresponding to 60 misfitting first motions and decreased using the following temperature

schedule, T = T0(1-k/K)α, where T0 is the initial temperature, K is the total number of function

evaluations, and k is the cumulative number of function evaluations so far, and α is set to two. At

large “temperatures”, the process occasionally accepts models associated with increases in

functional misfit to inhibit convergence to a local minima. As T tends toward zero, the inversion

reduces to a simple downhill simplex algorithm (Press et al., 1992). Take-off angles and azimuths

were calculated using the 3D P-wave velocity model curved ray paths. S waves were assumed to

follow the same ray paths as the P waves. 

Given the large number of earthquakes, numerical criteria were used to determine the subset of

earthquakes with well-constrained focal mechanisms. A minimum of 8 P-wave first motions, and

a total of at least 12 P-wave first motions and SV/P amplitude ratios were required to retain an

earthquake for focal mechanism analysis. Since five candidate focal mechanism solutions were

available for each earthquake, a criteria for a robust solution is that one of the five focal

mechanism solutions fit the data distinctly better than the other four solutions, or that all five

solutions fit nearly equally well and are essentially the same. Any solution that had a likelihood

2/3 or greater of the best-fitting solution was considered to fit the data equally well as the

“best-fitting” solution. If the T-axis azimuths of nearly-equally-fitting solutions varied either < 5°

or <20°, the solutions were considered similar and well constrained. Two scenarios were used for

the T-axis variability criteria to evaluate sensitivity to this criteria. A 5° T-axis azimuth variability

cutoff yields 307 focal mechanisms, but is probably too conservative, and limited the geographic

distribution and density of focal mechanisms (Figure 3-8). A 20° T-axis azimuth variability cutoff

produces 773 focal mechanisms and a more detailed distribution of focal mechanisms, but may

include a small percentage of focal mechanisms that are not well constrained or are even

erroneous (Figure 3-9); T-axes standard deviations are slightly larger when T-axis variability is

allowed to be < 20° (compare Figures 3-9 and 3-8), but the overall pattern is very similar. 

The focal mechanisms where divided into five focal mechanism classes based on T- and P-axis

plunges (Tp and Pp, respectively), as defined in Tables 3-2 and 3-3. For the well-constrained focal
Jackson Lake Dam 52
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Figure 3-7:  West-east depth sections of earthquake locations. Earthquakes located within 10 km of the 
north coordinate (as defined in Figure 3-5) are included in the section as small plus symbols as are 
seismographic stations as triangles. Where the Teton fault intersects the depth section the fault is 
shown with dips of 35° and 60° as dashed lines.
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Figure 3-8:  T-axes azimuths from the 303 focal mechanisms with < 5º T-axis solution variability. Each 
T axis is plotted as a 1 km line segment. The thick discontinuous black line segments are the surface 
traces of the Teton fault. Line segments to the right of the figure show median T-axis orientations for 
east-west regions that are 5-km-wide in the north-south extent labeled by the median T-axis azimuth 
values in degrees east of north and standard deviations in parenthesis. The grid origin corresponds to 
43.6°N, 110.75°W. The triangle labeled JLD5 shows the location of the tallest section of Jackson 
Lake Dam, where site response station JLD5 was located.
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Figure 3-9:  T-axes azimuths from the 773 focal mechanisms with < 20º T-axis solution variability. Each 
T axis is plotted as a 1 km line segment. The thick discontinuous black line segments are the surface 
traces of the Teton fault. Line segments to the right of the figure show median T-axis orientations for 
east-west regions that are 5-km-wide in the north-south extent labeled by the median T-axis azimuth 
values in degrees east of north and standard deviations in parenthesis. The grid origin corresponds to 
43.6ºN, 110.75ºW. The triangle labeled JLD5 shows the location of the tallest section of Jackson Lake 
Dam, where site response station JLD5 was located.
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mechanisms with < 5° T-axis azimuth variability, these five focal mechanism classes accounted

for 300 of the 307 total focal mechanisms. Figure 3-10 shows the “pure” mechanisms (first three

columns of Table 3-2). Figure 3-11 shows the “pure” strike slip and oblique mechanisms (first

column and last two columns in Table 3-2). For the less well-constrained focal mechanisms with

< 20° T-axis azimuth variability, these five focal mechanism classes accounted for 746 of the 773

total focal mechanisms, and are plotted in Figure 3-12 for “pure” mechanisms (first three columns

of Table 3-3) and “pure” strike slip and oblique mechanisms in Figure 3-13 (first column and last

two columns in Table 3-3).

The strike-slip, normal-slip, and oblique normal-slip focal mechanisms represent > 92% of the

focal mechanisms and occur throughout the study area (Figures 3-10 to 3-13). Consequently, the

T-axes orientations provide the most consistent picture of stress orientation (Figures 3-8 and 3-9).

T-axes are nearly uniformly orientated almost east-west from north grid coordinate -35 km to 40

km. T-axes azimuths turn more northerly along the northernmost 10 km of the Teton fault (Figure

3-9), possibly reflecting the influence of the Yellowstone region on stresses in the northern

portion of the study area. South of -40 km north grid distance, T-axes azimuths increasingly trend

southerly in the southward direction (Figure 3-9). The northeast deflection of the T-axes at the

northern limits of the grid and the southeast deflection of the T-axes at the southern limits of the

Table 3-2: Number of Different Focal Mechanisms for < 5º T-axis Azimuth Variability.

Strike-slip. Normal. Reverse. Oblique 

Normal. 

Oblique 

Reverse. 

Tp ≥ 30 & Pp ≤ 30 Tp > 60 Pp > 60 Pp ≤ 30 & Tp ≥ 30 
& Tp ≤ 60

Tp ≤ 30 & Pp ≥ 30 
& Pp ≤ 60

160 59 2 69 10

Table 3-3: Number of Different Focal Mechanisms for < 20º T-axis Azimuth Variability.

Strike-slip. Normal. Reverse. Oblique 

Normal. 

Oblique 

Reverse. 

Tp ≥ 30 & Pp ≤ 30 Tp > 60 Pp > 60 Pp ≤ 30 & Tp ≥ 30 
& Tp ≤ 60

Tp ≤ 30 & Pp ≥ 30 
& Pp ≤ 60

368 172 3 169 34
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Figure 3-10:  “Pure” nodal planes from focal mechanisms with < 5º T-axis solution variability. The long 
axes show nodal plane strikes, color-coded by focal mechanism (see legend on plot) as defined in 
Table 3-2. The short orthogonal lines show dip directions for the normal and reverse mechanisms; dip 
lines are half nodal strike lengths for a dip of zero and have zero length for a dip of 90°. The grid 
origin corresponds to 43.6°N, 110.75°W. The thick discontinuous black line segments are the surface 
traces of the Teton fault. The triangle labeled JLD5 shows the location of the tallest section of Jackson 
Lake Dam, where site response station JLD5 was located.
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Figure 3-11:  “Pure” strike-slip and oblique dip-slip nodal planes from focal mechanisms with < 5º T-axis 
solution variability. See Table 3-2 for focal mechanism definitions and Figure 3-10 for plot 
description.
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Figure 3-12:  “Pure” nodal planes from focal mechanisms with < 20º T-axis solution variability. The 
long axes show nodal plane strikes, color-coded by focal mechanism (see legend on plot) as defined 
in Table 3-3. The short orthogonal lines show dip directions for the normal and reverse mechanisms; 
dip lines are half nodal strike lengths for a dip of zero and have zero length for a dip of 90°. The grid 
origin corresponds to 43.6°N, 110.75°W. The thick discontinuous black line segments are the surface 
traces of the Teton fault. The triangle labeled JLD5 shows the location of the tallest section of Jackson 
Lake Dam, where site response station JLD5 was located.
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Figure 3-13:  “Pure” strike-slip and oblique dip-slip nodal planes from focal mechanisms with < 20º 
T-axis solution variability. See Table 3-3 for focal mechanism definitions and Figure 3-12 for plot 
description.
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grid roughly maintain the T-axes normal to the overall parabolic distribution of seismicity east of

the Snake River Plain described in Anders et al. (1989). The reverse and oblique reverse solutions

are mostly confined to the region south of 15 km north grid coordinates, and may reflect stress

heterogeneity in the stepover region between the Teton fault and normal faults south of the Teton

fault (e.g., Grand Valley fault and Star Valley fault). Consistent with field observations discussed

in Section 2, the T-axes and nodal planes indicate primarily normal-slip on the central and

northern sections of the Teton fault, and oblique left-lateral normal slip on the southern section of

the Teton fault. The focal mechanism data, particularly the T-axes orientations, support using a

dominantly normal-slip rake to simulate ground motions associated with rupture of the central

and northern segments of the Teton fault.

The relative paucity of earthquakes that could be associated with the Teton fault at depth do not

provide strong constraints on fault dip. Focal mechanism solutions of earthquakes located east of

the surface trace of the Teton fault dips have east-dipping nodal planes that dip from 25° to 60°.

There are too few earthquakes located east of the Teton fault, with far too limited spatial coverage

to provide a strong constraint on fault dip, although the spatial distribution of earthquakes is

consist with dips of < 50° (Figure 3-7). As discussed in Section 4, detailed waveform modeling of

two earthquakes suggest that the Teton fault dips < 50°, if the earthquakes are actually located on

the Teton fault. Waveform modeling of more of the earthquakes located east of the Teton fault

may provide better constraints on Teton fault dip at depth than are currently available.

3.3  Earthquake Recurrence

This section describes the development of earthquake recurrence parameters for the Jackson Lake

region. There are two data sets available for this purpose; the Jackson Lake Seismic Network

(JLSN) catalog (June, 1986 - December, 2001), and the historic record for this region prior to the

network’s installation in 1986 (1963 - May, 1986). Two sets of recurrence parameters were

developed, one with just the JLSN data and one with the combined JLSN - pre-1986 information.

Because few, if any, earthquakes in either catalog have been positively associated with a known

fault, this seismicity represents “random” or “background” earthquakes, and any further analysis

using the parameters developed here pertain only to such seismic activity. 
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The procedure consisted of declustering both catalogs in order to qualify as a Poissonian process;

one that is random in space and time. Log-normal maximum likelihood magnitude-frequency

curves were then fit to the data. Formal uncertainties in recurrence parameter values and

seismicity rates were also computed and are presented below.

3.4  Catalog Development

3.4.1   Jackson Lake Network Catalog. 

The JLSN catalog, with a lower magnitude cutoff of 2.0, consists of 1547 earthquakes (Figure

3-14). The seismicity has a roughly uniform geographic distribution, with decreased activity in

the vicinity of the Teton Range and the basin containing Jackson Lake. The largest event is a Mc

(coda magnitude) 4.7 event that occurred on December 28, 1993 (labeled along the right side of

Figure 3-14). There are a number of spatial earthquake clusters, the most notable being a swarm

in the southwest corner of Figure 3-14. This cluster does not represent a typical

mainshock-aftershock sequence, but a series of about 100 events that occurred between

November 10 and November 17, 1992. The largest magnitude was 4.0.

3.4.1.1   Declustering. In order to model earthquake occurrence as a random process,

the catalogs must approximate random space-time characteristics. However, due to the existence

of foreshock-mainshock-aftershock sequences and swarms, the raw data set cannot be considered

to have “random” or Poissonian characteristics. It is therefore necessary to identify and delete

“dependent” events from swarms and foreshock-mainshock-aftershock sequences. A declustering

algorithm based on Reasenberg (1985) was used for this purpose. This technique, with some

modifications, was used by Savage and dePolo (1993) to search for foreshocks in the Nevada

seismicity catalog. The algorithm used in this report is based on these two papers, with some

additional appropriate modifications. The major details are described below.

Any cluster identification scheme must establish criteria for deciding whether neighboring events

in the catalog are “dependent” on or “independent” in time and space. To determine spatial

dependence, a “mainshock” is defined, with a magnitude-dependent source radius based on the

circular crack model described in Kanamori and Anderson (1975) and a stress drop of 30 bars (a

reasonable stress drop for an extensional environment, see Spudich et al., 1999). The radius of the
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next event in time is defined as its circular crack radius times a factor Q. If the distance between

the two epicenters is less than the sum of the two radii, the two events are considered spatially

dependent. Temporal dependence is judged by an application of Omori’s Law, which describes

the exponential temporal decay of aftershocks. The aftershock sequence is modeled as a

time-dependent Poisson process, with the Omori constants taken from the “generic Utah model”

of Arabasz and Hill (1996). These constants were derived from 10 mainshock-aftershock

sequences from the Intermountain Seismic Belt (ISB) in Utah, and are assumed to be

representative of aftershock sequences occurring in the study area.

The “look-ahead” time criterion is a function of the Omori constants, the magnitude of the

mainshock, the detection threshold magnitude, the confidence probability, and the time between

the two events. Since the “look-ahead” time, τ, is proportional to the time difference, upper and

lower bounds must be placed on it. If the time difference is less than τ, the two events are

considered temporally dependent. If both spatial and temporal criteria are satisfied, the two events

are considered dependent. If the magnitude of the second event exceeds that of the first, it is

considered the new mainshock.

Because Reasenberg (1985) applied this technique to a catalog resulting from a spatially and

temporally uniform seismograph network, it was not necessary to be concerned with changes in

earthquake location capabilities through time. During the time span of the JLSN catalog,

(1986-2001) we use earthquakes of magnitude 2 and greater, and it was assumed that the catalog

is complete down to this magnitude level for the period of network operation. The hypocentral

precision was estimated to be 10 km. This means that in judging distance criteria, two events were

spatially linked if less than 10 km apart.   For a given cluster an “equivalent” event was calculated

as the moment-weighted mean of latitude, longitude, and origin time. In contrast to Reasenberg

(1985), “equivalent” magnitudes, derived by summing the seismic moment of groups of a cluster

and finding a new magnitude, were not computed. In our judgement, for purposes of hazard

estimation it is more important to retain accurate magnitude estimates than to conserve the

seismic moment of the catalog. All other declustering parameters were set to the values

recommended in Reasenberg (1985).
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Space-time plots of the raw and declustered catalog are shown in Figures 3-15 and 3-16. The “a”

figures shows latitude vs. time; the “b” figures longitude vs. time. The plots for the unfiltered

catalog show many clusters, the most prominent being the 1992 sequence. The plots of the

declustered catalog show a much more “random” appearance. There is still a trace of the 1992

swarm in Figure 3-16b, but it is clear from these figures that the great majority of the events have

been removed. The events identified as being members of clusters are shown in Figure 3-17. The

events that appear to be solitary are actually two or more events at the same location.

Out of a total of 1547 events in the M > 2 JLSN earthquake catalog, 791 events were identified as

being members of a total 229 clusters. The number of “independent” earthquakes is 984. The

declustered JLSN catalog is shown in Figure 3-18.

3.4.2   Pre-Jackson Lake Network Catalog. 

Earthquakes that occurred in the study region prior to installation of the JLSN were also analyzed.

These were taken from the Northern California Earthquake Data Center (NCEDC), which

compiles earthquake data from a variety of sources. A total of 155 events of magnitude 2 and

greater, spanning 1963 to June 1986, were extracted. These data are of lower location accuracy

than the JLSN data, due to the sparseness and heterogeneity of seismograph station deployment

that predates the installation of the JLSN. Listed magnitudes are either local magnitude (ML),

coda magnitude (Mc), body wave magnitude (Mb), or unknown. This mix of scales signifies

probable incompatibility between the values presented. Due to the complexities involved and the

scope of this project, no attempt was made to fit the pre-network magnitudes to a common scale,

or calibrate them to the JLSN magnitudes. 

The pre-network events are plotted in Figure 3-19. The spatial pattern appears similar to the JLSN

data (Figure 3-14). The largest event is a Mc 5.1 event that occurred at the top of Figure 3-19 on

March 30, 1973.

Declustering was performed on the pre-network catalog, using the same algorithm as described

above. Completeness was assumed to magnitude 4, and location precision was estimated to be 20
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Figure 3-15a:  Latitude vs. time, unfiltered JLSN catalog.
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Figure 3-15b:  Longitude vs. time, unfiltered JLSN catalog.
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Figure 3-16a:  Latitude vs. time, declustered JLSN catalog.
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Figure 3-16b:  Longitude vs. time, declustered JLSN catalog.
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Figure 3-17:  JLSN earthquakes identified as being clusters by declustering algorithm.See Figure 3-14 
for plot details.
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Figure 3-18:  JLSN earthquakes identified as independent events by declustering algorithm.See Figure 
3-14 for plot details.
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Figure 3-19:  1963 - June 1986 epicenters, from NCDEC. See Figure 3-14 for plot details.
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km, in contrast to the 10 km assumed for the JLSN catalog. Of the 25 events of magnitude 4 or

greater, 5 clusters and 18 independent events were identified.

3.5  Recurrence Calculations

Earthquake recurrence statistics were computed from the JLSN data set (1986-2001), and the

combined pre-network - JLSN data set (1963-2001) shown in Figure 3-20. The maximum

likelihood method (Weichert, 1980) was used, which accounts for unequal observation periods for

different magnitude ranges. Data variances were computed as outlined in Weichert (1980).

Recurrence parameter and seismicity rate uncertainties and confidence bounds were calculated

using the method of Bollinger et al. (1989). A spacing of 0.5 magnitude unit was used. Tables

3-4a and 3-4b give the completeness periods and event counts for each data set, for the recurrence

area shown in the seismicity figures (see Figure 3-14).

Incremental and cumulative recurrence curves for each data set are shown in Figures 3-21 and

3-22. Recurrence parameters a and b in the Gutenberg-Richter relation Log (N) = a - b(M), and

their uncertainties, are listed in Tables 3-5a and 3-5b. The “a” values have been normalized to

km2/year, based on an area of 12,872 km2. Tables 3-6a and 3-6b give observed and computed

return periods for the different magnitude intervals, along with 95% confidence bounds on the

maximum likelihood rates. 

3.6  Earthquake Recurrence Discussion

Recurrence parameters for the Jackson Lake area have been computed using two data sets: JLSN

data, and a combined catalog consisting of JLSN data and earthquakes recorded prior to

installation of the JLSN. Each set has its advantages: the JLSN results are from high quality data

that are self-consistent in location accuracy and magnitude computation, but cover a relatively

short time span. The combined catalog results offer a longer time span (38 years vs. 15 years) and

include more moderate (magnitude 4 and 5) events, but magnitude determinations for pre-JLSN

events were computed using at least four different magnitude formulas, are of indeterminate

quality, and their compatibility with JLSN magnitude values is unknown. Further use of these

relations, for example in a probabilistic ground motion analysis, should incorporate both results.       
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Figure 3-20:  Declustered earthquakes used in recurrence calculations using the combined catalogs.
See Figure 3-14 for plot details.
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* JLSN only

Table 3-4a:  Completeness Periods and Event Counts Used in Recurrence Calculations, JLSN 
Catalog

 Magnitude Range  Completeness Period  Number of Earthquakes

 2.0 - 2.5  6/1986 - 12/2001  704

 2.5 - 3.0  6/1986 - 12/2001  196

 3.0 - 3.5  6/1986 - 12/2001  64

 3.5 - 4.0  6/1986 - 12/2001  10

 4.0 - 4.5  6/1986 - 12/2001  4

 4.5 - 5.0  6/1986 - 12/2001  1

 5.0 - 5.5  6/1986 - 12/2001  0

 5.5 - 6.0  6/1986 - 12/2001  0

 6.0 - 6.5  6/1986 - 12/2001  0

Table 3-4b:  Completeness Periods and Event Counts Used in Recurrence Calculations, JLSN and 
1963-1986 Catalog

 Magnitude Range  Completeness Period  Number of Earthquakes

 2.0 - 2.5*  6/1986 - 12/2001  704

 2.5 - 3.0*  6/1986 - 12/2001  196

 3.0 - 3.5*  6/1986 - 12/2001  64

 3.5 - 4.0*  6/1986 - 12/2001  10

 4.0 - 4.5  1/1963 - 12/2001  19

 4.5 - 5.0  1/1963 - 12/2001  3

 5.0 - 5.5  1/1963 - 12/2001  1

 5.5 - 6.0  1/1963 - 12/2001  0

 6.0 - 6.5  1/1963 - 12/2001  0
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Figure 3-21a:  Incremental recurrence curve for JLSN catalog.
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Figure 3-21b:  Cumulative recurrence curve for JLSN catalog.
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Figure 3-22a:  Incremental recurrence curve for combined catalogs. The ellipse shows the approximate 
rate of M ~6.7-7.2 earthquakes on the Teton fault based on Section 2.
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Figure 3-22b:  Cumulative recurrence curve for combined catalogs.
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Recurrence information from each relation, however, give a fairly consistent picture of recurrence

rates of potentially hazardous randomly occurring earthquakes. The JLSN relation gives median

return periods of 36 and 635 years for events greater than magnitude 5.0 and 6.0, respectively

(with an upper limit of 6.5), while the combined catalog relation gives return periods of 27 and

434 years. Averaged results indicate 31 and 515 years, respectively. 

Gilbert et al. (1983) obtained a recurrence relation for the Jackson Lake area which gave an

(cumulative) a value of 0.86, and a b value of 1.31. This gives return periods of 38 years for

magnitude ≥ 5.0 and 776 years for magnitude ≥ 6.0; similar to the results presented here. Wong et

al. (2000) computed recurrence for a larger area of the ISB that extends from the southern

Yellowstone area south to the Utah border. They obtained a cumulative a value of -1.6 (scaled to

km2/yr) and a b value of 0.79. When scaled to our study area, this results in 27 years for

magnitude ≥ 5.0 and 170 years for magnitude ≥ 6.0. The higher activity rate for magnitude 6

events results from the inclusion of a more active section of the ISB to the south of the Jackson

Lake area, and the lower b value. Piety et al. (1986) computed earthquake recurrence  for the ISB

from 41oN to 44oN, using a method similar to that used in this report. The results were very close

to those obtained by Wong et al. (2000).  Arabasz et al. (1980) computed recurrence for the ISB in

Utah, based on the historic record through 1978. Their results indicated 30 years for magnitude ≥

5.0 and 158 years for magnitude ≥ 6.0, similar to the Wong et al. (2000) recurrence values.        

 

Table 3-5a: Recurrence Parameters, JLSN Catalog

Parameter (std. dev.) Incremental Cumulative

a (σ)  0.057 (.094) -0.081 (.066)

b (σ)  1.115 (.038) 1.115 (.030)

Table 3-5b: Recurrence Parameters, Combined Catalogs

Parameter (std. dev.) Incremental Cumulative

a (σ)  -0.045 (.080) -0.164 (.078)

b (σ)  1.072 (.032) 1.0722 (.032)
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Table 3-6a: JLSN Catalog: Return Periods, Observed and Maximum Likelihood, with Upper and 
Lower Bounds at 95% Confidence 

 Magnitude 
Range

 Return Period (yrs)
 (observed)

 Return Period (yrs)
 (maximum likelihood)

 Lower
 Bound

 Upper
 Bound

 2.0 - 2.5  0.02  0.02  0.02  0.02

 2.5 - 3.0  0.08  0.08  0.07  0.09

 3.0 - 3.5  0.24  0.29  0.25  0.33

 3.5 - 4.0  1.56  1.04  0.82  1.31

 4.0 - 4.5  3.90  3.74  2.72  5.14

 4.5 - 5.0  15.6  13.5  9.03  20.2

 5.0 - 5.5  not observed  48.7  29.9  79.4

 5.5 - 6.0  not observed  176  99.2  312

 6.0 - 6.5  not observed  635  329  1228

Table 3-6b: Combined Catalogs: Return Periods, Observed and Maximum Likelihood, with Upper 
and Lower Bounds at 95% Confidence 

 Magnitude 
Range

 Return Period (yrs)
 (observed)

 Return Period (yrs)
 (maximum likelihood)

 Lower
 Bound

 Upper
 Bound

 2.0 - 2.5  0.02  0.02  0.02  0.02

 2.5 - 3.0  0.08  0.08  0.07  0.08

 3.0 - 3.5  0.24  0.26  0.23  0.30

 3.5 - 4.0  1.56  0.90  0.75  1.10

 4.0 - 4.5  2.04  3.11  2.39  4.04

 4.5 - 5.0  13.0  10.7  7.66  14.9

 5.0 - 5.5  38.8  36.7  24.5  55.0

 5.5 - 6.0  not observed  126  78.5  203

 6.0 - 6.5  not observed  434  251  749
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Figure 3-23a:  Example soil-site hazard curves for random seismicity at Jackson Lake Dam. The 
three curves show differences due to different recurrence relations.
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Figure 3-23b:  Example rock-site hazard curves for random seismicity at Jackson Lake Dam. The 
three curves show differences due to different recurrence relations.
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These comparisons show that for magnitude ≥ 5.0 events rates in the Jackson Lake area are about

the same as in the ISB to the south, but for magnitude ≥ 6.0 events they are about 30% of the other

ISB value. To show how this impacts probabilistic ground motion hazard results, Figures 3-23a

and 3-23b shows example hazard curve for peak horizontal acceleration at Jackson Lake Dam for

soil (Figure 3-23a) and rock (Figure 3-23b) site conditions. The four hazard curves were produced

using the two recurrence curves developed in this report, the recurrence relation of Wong et al.

(2000), and that of Piety et al. (1986). The soil and rock attenuation functions used are from

Spudich et al. (1999). (These examples are for purposes of comparison only, and should not be

used for engineering applications). Figures 3-23a and 3-23b show that the other two recurrence

results gives larger ground motions; at a return period of 10,000 years in Figure 3-23a, the Wong

et al. (2000) recurrence produces about 17% higher soil and rock ground motions than given by

the average of the two relations developed in this report.

It is doubtful if sound physical arguments could be made as to why seismic activity is lower

between 43N and 43.5N than in other parts of ISB. When observed as a whole, the ISB does form

a recognizable band of seismicity, but within that band the distribution of seismicity is quite

heterogeneous (e.g., Arabasz and Smith, 1980). The lower rate for M ≥ 6 events is in part due to

the higher b-value computed here, compared to the other ISB recurrence calculations. This value

appears to be real, and not the result of incomplete reporting of the smaller magnitudes (Figure

22a,b). On the other hand, there are uncertainties associated with the recurrence figures presented

in this report. For example, the coda magnitude has not been calibrated to a "true" local or

moment magnitude scale, and the pre-network catalog contains significant errors in earthquake

locations, and several different magnitude scales. For the hazard curves shown in Figures 23a and

b, we therefore weight the Wong et al. (2000) and Piety et al. (1986) relations equally with those

computed for this report. The weighted hazard curves are shown in these figures. At a return

period of 10,000 years, this results in 8% higher ground motions for the rock relations, and 10%

higher for the soil relations, over the averaged recurrence relations for the JLSN area presented in

this report.
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3.7  Summary and Conclusions

The Jackson Lake Seismographic Network recorded 1150 well-located earthquakes between

August, 1986, and May, 2002, that provided the basis for inverting for 3D P-wave crustal velocity

structure near Jackson Lake Dam. The 3D P-wave velocity-hypocenter-station-correction

inversion provided information necessary to locate earthquake for earthquake recurrence

investigations, to constrain focal mechanisms for seismotectonic investigations, and to determine

the large-scale 3D crustal P-wave velocity structure required to estimate seismic loads at Jackson

Lake Dam. The 3D P-wave velocity model and corresponding station corrections obtained from

the hypocenter-velocity-station correction inversion provide a much better fit to the data than that

obtained with the 1D original velocity model. For all relocated events, the mean absolute P-wave

arrival time residual decreased by 32%. The 3D velocity inversion revealed a low-velocity region

east of the Teton fault that includes Jackson Lake Dam. The low-velocity region extends to depths

of ~4 km below the dam, has the lowest velocities in the 3D P-wave velocity model (3.4 km/s),

and has the largest spatial extent of any of the low-velocity regions in the 3D velocity model

(Figure 3-4). While the shallowest velocities may be vertically smeared due to insufficient ray

coverage, the lower boundaries of the velocity anomalies are fairly well-constrained by the data.

For the Jackson Lake Dam site-response stations JLD2 to JLD7, which are located on soil sites

within the 3D velocity grid, the positive station corrections indicate that the shallow local

velocities are lower than those given by the 3D velocity model. The velocities in the 3D model

decrease from station JLD2 on the south to station JLD7 near the northern end of Jackson Lake

Dam. These results are consistent with geophysical measurements discussed in Section 5, that

show extremely low-velocity materials beneath the dam that increase in thickness toward the

north.

Relatively few earthquakes are located near the possible downdip projections of the Teton fault;

many more earthquakes are located in the footwall side of the Teton fault. The same seismicity

behavior is associated with other normal faults in the ISB, particularly the Wasatch fault system in

Utah (Smith and Arabasz, 1991), the only other predominantly normal-faulting region in the ISB

with sufficient seismographic station coverage to locate earthquakes with uncertainties < 5 km.

Most earthquakes are < 14 km deep, but seismicity does extend to a maximum depth of ~17 km,

providing a basis to assign maximum faulting depths for ground motion modeling in Section 6.
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Reasonably well-constrained focal mechanisms were obtained for 773 earthquakes located by the

JLSN using P-wave first motions and SV/P amplitude ratios from vertical component

seismograms. The strike-slip, normal-slip, and oblique normal-slip focal mechanisms represent >

92% of the focal mechanisms and occur throughout the study area (Figures 3-10 to 3-13). T-axes

are nearly uniformly orientated almost east-west from north grid coordinate -35 km to 40 km.

Both the northeast deflection of the T-axes at the northern limits of the grid and the southeast

deflection of the T-axes at the southern limits of the grid, roughly maintain the T-axes normal to

the overall parabolic distribution of seismicity east of the Snake River Plain described in Anders

et al. (1989). The reverse and oblique reverse solutions are mostly confined to the region south of

15 km north grid coordinates, and may reflect stress heterogeneity in the stepover region between

the Teton fault and normal faults south of the Teton fault (e.g., Grand Valley fault and Star Valley

fault). Consistent with field observations discussed in Section 2, the T-axes and nodal planes

indicate primarily normal-slip on the central and northern sections of the Teton fault, and oblique

left-lateral normal slip on the southern section of the Teton fault. The focal mechanism data,

particularly the T-axes orientations support using a dominantly normal-slip rake to simulate

ground motions associated with rupture of the central and northern segments of the Teton fault.

The relative paucity of earthquakes that could be associated with the Teton fault at depth do not

provide strong constraints on fault dip. Focal mechanism solutions of earthquakes located east of

the surface trace of the Teton fault dips have east-dipping nodal planes that dip from 25° to 60°.

There are too few earthquakes located east of the Teton fault, with far too limited spatial coverage

to provide a strong constraint on fault dip, although the spatial distribution of earthquakes is

generally consistent with dips of < 50°. Waveform modeling of more of the earthquakes located

east of the Teton fault may provide better constraints on Teton fault dip at depth than are currently

available.

Earthquake recurrence parameters were developed for the Jackson Lake region. Two data sets

were used; the Jackson Lake Seismic Network (JLSN) catalog (June, 1986 - December, 2001)

with a lower magnitude cutoff of 2.0 to ensure catalog completeness, and the historic record for

this region prior to the network’s installation in 1986 (1963 - May, 1986). Two sets of recurrence

parameters were developed, one with just the JLSN data and one with the combined JLSN -
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pre-1986 information. Because no earthquakes in either catalog have been positively associated

with a known fault, this seismicity represents “random” or “background” earthquakes, and any

further analysis using the earthquake recurrence parameters developed here pertain only to such

seismic activity. The earthquake catalogs were declustered to produce a total of 984 independent

events in the JLSN catalog and 18 independent events in the pre-JLSN catalog.

Each earthquake dataset has its advantages: the JLSN results are from high quality data that are

self-consistent in location accuracy and magnitude computation, but cover a relatively short time

span. The combined catalog results offer a longer time span (38 years vs. 15 years) and include

more moderate (magnitude 4 and 5) events, but magnitude determinations for pre-JLSN events

were computed using at least four different magnitude formulas, are of indeterminate quality, and

their compatibility with JLSN magnitude values is unknown. Further use of these relations, for

example in a probabilistic ground motion analysis, should incorporate both results. Recurrence

information from each relation, however, give a fairly consistent picture of recurrence rates of

potentially hazardous randomly occurring earthquakes. The JLSN relation gives median return

periods of 36 and 635 years for events greater than magnitude 5.0 and 6.0, respectively (with an

upper limit of 6.5), while the combined catalog relation gives return periods of 27 and 434 years.

Averaged results indicate 31 and 515 years, respectively.

Gilbert et al. (1983) obtained a recurrence relation for the Jackson Lake area which gives return

periods of 38 years for magnitude ≥ 5.0 and 776 years for magnitude ≥ 6.0; similar to the results

presented here. Wong et al. (2000) computed recurrence for a larger area of the ISB that extends

from the southern Yellowstone area south to the Utah border. When scaled to our study area, this

results in 27 years for magnitude ≥ 5.0 and 170 years for magnitude ≥ 6.0. The higher activity rate

for magnitude 6 events in Wong et al. (2000) results from the inclusion of a more active section of

the ISB to the south of the Jackson Lake area, and their lower b value. Piety et al. (1986)

computed earthquake recurrence for the ISB from 41oN to 44oN, using a method similar to that

used in this report. The results were very close to those obtained by Wong et al. (2000). Arabasz et

al. (1980) computed recurrence for the ISB in Utah, based on the historic record through 1978.

Their results indicated 30 years for magnitude ≥ 5.0 and 158 years for magnitude ≥ 6.0, similar to

the Wong et al. (2000) recurrence values.
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Hazard curves for peak horizontal acceleration were computed, using a single attenuation

function and the recurrence relations developed in this report, and those of Wong et al. (2000) and

Piety et al. (1986). A weighted curve was calculated, with the results of the two recurrence

relations developed here and those of the other ISB relations weighted equally. The computed

ground motions of the averaged relations, at a 10,000 year return period, are 10% or less higher

than those computed from the relations developed in this report.

This section has focused on analyses related to seismicity. The 3D P-wave velocity model

developed in this section serves as the basis for the more detailed crustal velocity structure

modeling necessary to estimate ground motions at Jackson Lake Dam, as presented in the next

section.
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 4.0   HANGING WALL CRUSTAL VELOCITY STRUCTURE

The 3D velocity-hypocenter inversion (see Section 3) used 1150 earthquakes recorded by the

Jackson Lake Seismic Network to delineate a 3-to-4-km-deep low-velocity “basin” in the hanging

wall of the east-dipping Teton fault, but could not resolve details of the velocity structure portion

of the hanging wall containing Jackson Lake Dam. Previous studies (Behrendt et al., 1968,

Tibbetts et al., 1969; Byrd et al., 1994) used seismic refraction and gravity data to delineate a

geophysical “basin” consisting of low-velocity (surface P-wave velocities of ~2.2 km/s), low-

density (densities of 2.3 g/cm3) Cenozoic and Mesozoic rocks. Low velocities in the hanging wall

begin 1-2 km east of the surface scarp of the Teton fault, extend east of Jackson Lake Dam, and

extend east of the likely eastern limit of the Teton fault at depth. The geophysical measurements

of P- and S-wave velocities in the vicinity of the dam by Sirles (1986) provide the only direct

measurements of S-wave velocities within the low-velocity portion of the hanging wall. 

In this section, a low-velocity basin (LVB) in the hanging wall is defined in terms of its internal

velocity properties, particularly the large impedance contrasts between the LVB and the

surrounding high-velocity basement rocks, because these are the crustal properties that have the

strongest influence on ground motion responses at the dam. The LVB extends beyond the

geographic confines of the hanging wall located directly above the fault surface (compare Figure

4-1 to Plate 1), and encompasses a wide variety of stratigraphic units that happen to have similar

velocities: All the sedimentary units in the LVB have velocities that are much lower than

surrounding basement rocks. Although the LVB consists of Cenozoic and Mesozoic sedimentary

stratigraphic units, designation of the LVB shown as in Figure 4-1 reflects long-standing

geophysical practice (e.g., Boore, 1970, Boore et al., 1971), which focuses on defining the

velocity (not stratigraphic) properties of the crust for the purposes of ground motion modeling. No

attempt is made here to associate specific stratigraphic units with velocity features in the LVB,

since this is not necessary for the purposes of ground motion estimation at the dam. 

Rupture of the northern segment of the Teton fault for shallow dips of 35° and 45° would involves

fault rupture directly beneath the dam (Figure 4-1). Thus, it is important to determine how

strongly rupture directivity may influence peak ground motions and ground motion variability at
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Figure 4-1:  Plan view of the P-wave 3D velocity model with the embedded hanging wall LVB at 2 km 
elevation. The LVB is “closed”; it’s surrounded by high-velocities everywhere (in depth and plan 
views). Black circles are earthquake epicenters, triangles are JLSN seismographic stations, numbered 
stars show epicenters of the three earthquakes used for 2D finite-difference waveform modeling, and 
diamonds are empirical Green’s function (EGF) epicenters used in Section 6. The plan projection of 
the idealized geometries of the two primary (northern and southern) segments of the Teton fault for 
dips of 35°, 45°, and 60° are the solid rectangles (detailed surface scarps to the left are the short, 
irregular line segments). The 2D S-wave velocity cross section in Figure 4-4 is the thick black line 
labeled A -B (Figure 4-5 is the cyan portion of the line). Profile C-D corresponds to Figure 4-8 and 
profile E-F corresponds to Figure 4-11. Blue circle is the JLDW rock site station. The dashed 
rectangle shows the limits of the 3D finite-difference grid. Blacktail Butte is denoted by BTB.
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the dam for these near-source earthquake scenarios. Impacts of 3D crustal velocity structure on

ground motion amplitudes and durations are substantial (Frankel, 1993). Much of the modeling

effort is devoted to accounting for the influences of 3D velocity heterogeneity, particularly

hanging wall LVB velocity structure, on ground motion amplitudes and durations. It is necessary

to constrain S-wave velocities within the hanging wall LVB to estimate ground motions at the

dam. A mini-array of seven three-component digital broadband stations with a long-axis aperture

of 1.6 km oriented along the axis of the dam was operated from October 1995 to May 2001 to

record site responses within the Jackson Lake LVB, particularly on or near the dam. One site

(station JLDW) was located near Signal Mountain, about 0.2 km south of the dam, on ~1 km/s S-

wave-velocity over-compacted glacial till (Sirles, 1986) to serve as a “rock” reference site.

However, because JLDW was located within the hanging wall LVB, it recorded secondary S-

wave and surface wave arrivals originating at the LVB margins. Waveform modeling of direct S-

waves and later secondary arrivals from microearthquake seismograms from the seven-station

mini-array near the dam was used to constrain LVB S-wave velocities and LVB margin geometry.

This section presents waveform and traveltime modeling results used to constrain P- and S-wave

velocities, and attenuation (Qp and Qs) characteristics within the hanging wall LVB to support

rock and soil ground motion simulations presented in Section 6 and soil and site response

investigations in Section 5.

4.1  3D Velocity Model Development Using Seismic Refraction Data.

LVB velocity structure was derived from the 3D velocity-velocity model (Section 3),

reinterpretation of existing seismic refraction data, and 2D finite-difference waveform modeling

of three microearthquakes (MEQ) located near the perimeter of the LVB, and recorded on

broadband stations near the middle of the LVB. Four seismic refraction lines were shot in 1964

and 1965 by Behrendt et al. (1968) to study P-wave velocity structure in the LVB east of the Teton

fault (e.g., Jackson Hole). Plate 1 from Behrendt et al. (1968) shows the shot and recording

geometries of the seismic refraction lines. The recording geometries for lines 1-3 consisted of six

geophone arrays with 0.5-km spacings between geophones (line 4 used 0.2-km spacings between

geophones) and 1-3 km gaps in geophone coverage along the lines (Plate 1 and Figure 4-2).
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Figure 4-2:  P-wave travel-time plots for lines 1-4 from Behrendt et al. (1968). The circles and triangles 
are the traveltime observations and the straight line segments are the constant-velocity-layer velocity 
interpretations from Behrendt et al. (1968) labeled in km/s; SP are shotpoint numbers from Plate 1. 
Note that most traveltime branches have 1-3 km traveltime gaps that make it impossible to distinguish 
between gradient and constant velocity layer interpretations of the traveltimes < 3 s (which constrain 
velocity structure within the LVB). The western portion of line 2, located ~1 km north of Jenny Lake, 
shows very-high apparent velocities for shotpoints 2.2 and 2.3 as show by the arrows. 

Line 1 Line 2

Line 3 Line 4

High velocities
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There are three published traveltime interpretations of line 2 (Behrendt et al., 1968; Tibbetts et al.,

1969; Byrd et al., 1994); none of these published interpretations included amplitude modeling of

refraction data waveforms. Inevitably there are an infinite number of velocity models that can

satisfy the traveltime data, but a finite class of velocity models that can satisfy band-limited

amplitude data. This study attempts to satisfy the traveltime constraints represented by the seismic

refraction data, but focuses on developing velocity models that reproduce the dominant < 4 Hz

phases of three-component seismograms recorded in the interior of the LVB; producing a 3D

velocity model that can reproduce ground motion observations most relevant to strong motions

within the LVB is the focus of this investigation. In this subsection the seismic refraction

interpretations are presented and discussed in relation to the 3D velocity model developed using

LVB-edge MEQ seismograms in Section 4.2.

It is useful for illustration to start with the results of Behrendt et al. (1968). Behrendt et al. (1968)

and Tibbetts et al. (1969) used forward modeling and delay-time analyses of line 2 travel times,

and gravity modeling, to infer velocities and thicknesses of constant-velocity layers (Figure 4-3).

Lines 1-3 have very crooked and discontinuous recording geometries (Plate 1). Consequently

neither of the dip lines (lines 1 and 2) is normal to the structural strike and strike 3 is not parallel

to structural strike (Plate 1). However, line 2 in particular, provides valuable constraints on the

characteristics of the western boundary of the LVB. The very high apparent velocities on the

western travel-time branch of shotpoint 2.2 (noted on Figure 4-2) unequivocally establishes that

the LVB begins 1-2 km east of the surface scarp of the Teton fault, as discussed in detail below,

and that there is a strong velocity contrast between LVB material and surrounding basement

rocks. The reversed traveltime curves provided by shotpoints 2.1 and 2.2 place strong constraints

on the maximum depth of the LVB. The initial slopes of the travel-times curves establish that the

near-surface (depth) till P-wave velocities of 2.2-to-2.45 km/s measured by Sirles (1986) south of

Jackson Lake Dam, are representative of shallow P-wave velocities throughout the LVB. This

suggests that the near-surface till S-wave velocities of ~1.0 km/s measured by Sirles (1986) are

also likely to be representative of near-surface till S-wave velocities throughout the LVB. Finally,

it is clear from the seismic refraction data that P-wave velocities increase with depth, although the

refraction lines are too crooked and discontinuous to make an unequivocally distinction between
89 Report 2003-2
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constant velocity and vertical-velocity-gradient interpretations of the traveltime data. However, as

shown in the next section, constant-velocity layers do not reproduce strong secondary arrivals

observed on MEQ seismograms in the interior of the LVB.

Behrendt et al. (1968) assume the scatter in travel-times about fitted apparent velocities in Figure

4-2 is the result of variations in the thicknesses of the assumed constant velocity layers and use

the delay time analysis method of Pakiser and Black (1957) to produce the detailed layer depth

variation estimates of Figure 4-3. However, the gravity data in Figure 4-4 and Plate 1 indicate that

the deepest portion of the LVB is likely located near or slightly east of Jackson Lake Dam, in

contrast to the inferred LVB geometry inferred by Behrendt et al. (1968) in Figure 4-3. In contrast

to Behrendt et al. (1968) and Tibbetts et al. (1969), Byrd et al. (1994) allowed velocity gradients

in their ray-tracing velocity inversions of the traveltimes from line 2. They found evidence for

vertical and horizontal velocity gradients. Unfortunately, Byrd et al. (1994) do not report the

vertical or horizontal velocity gradients for their models, although from circular ray arcs in their

Figure 9, it is clear that they found significantly non-zero vertical velocity gradients.

4.2  3D Velocity Model Development Using LVB Seismograms.

Three microearthquakes located near the perimeter of the LVB (Figure 4-1) were recorded by the

site-response stations in the vicinity of Jackson Lake Dam. Signal-to-noise levels in the

seismograms were adequate to use the seismograms in trial-and-error waveform modeling to

constrain P- and S-wave velocity structure within the LVB. Earthquakes located close to the

perimeter of the LVB were selected because they produced strong secondary arrivals associated

with secondary S-waves and surface waves generated at the large-velocity contrast between the

low-velocity sediments and surrounding basement rocks. The 2D version of the elastic finite-

difference program E3D (Larsen and Grieger, 1998), which includes viscoelastic capabilities

implemented using the approach of Robertsson et al. (1994), was used to calculate the seismic

response of a double-couple point source for 2D velocity slices intersecting the earthquakes and

station JLDW. The JLSN provided the earthquake location and focal mechanism constraints

necessary to minimize trade-offs between velocity structure, earthquake locations, and focal

mechanisms. Grid spacings of 0.032 km were used to allow modeling of seismograms to a

maximum frequency of 4 Hz given minimum S-wave velocities of ~1 km/s (> 6 points per
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wavelength sampling at 4 Hz to minimize grid dispersion in a fourth-order finite-difference code,

e.g., Moczo et al., 2000). The observed seismograms were rotated to provide a radial horizontal

component seismogram to compare with synthetic radial seismograms from the 2D P-SV finite-

difference modeling. The observed seismograms were low-pass-filtered at the lowest possible

frequencies as allowed by signal-to-noise levels, to focus on fitting seismogram frequencies most

likely to be strongly influenced by 3D deterministic velocity structure; as frequencies increase

above 5 Hz, seismogram coherence is expected to decrease substantially because velocity

heterogeneity in the crust (Frankel and Clayton, 1986) strongly perturbs body-wave phase as the

mean free path increases (Spetzler and Snieder, 2001). The 2D synthetic seismograms are

corrected using the approach of Vidale and Helmberger (1987) to approximate a point-source and

corresponding 3D geometric spreading.

The velocity inversion results of Byrd et al. (1994) suggested that linear-velocity-gradient models

for the LVB were most consistent with the seismic refraction data. Consequently, the trial-and-

error forward modeling effort focused on developing linear-velocity-gradient velocity models for

the LVB embedded in the 3D velocity model obtained from a progressive velocity-hypocenter

inversion (Section 3, Figure 4-1). Constant-velocity-layer models similar to Behrendt et al. (1968)

were also evaluated. One of the modeling requirements was to develop relationships to predict S-

wave velocities, densities, Qp, and Qs, based on P-wave velocities. The model relationships used

with the P-wave model in Figure 4-1 are shown in Table 4-1. 

4.2.1   Synthetic Seismogram Modeling of the 19 April 2001 M 1.4 Earthquake. This

earthquake occurred beneath the western margin of the LVB about 3.2 km below the surface

(event 1 on Figure 4-1). First-motions from the JLSN indicate a normal-faulting focal mechanism

with dips of 40-50 degrees for the east-dipping nodal plane. As indicated in Figure 4-4, depth

uncertainties of ~1 km allow for Teton fault dips of 35-60 degrees, assuming the earthquake is

located on the Teton fault. A small horizontal velocity gradient that makes the western-most LVB

velocities 10% slower than the eastern-most LVB velocities was imposed to produce the

minimum velocities along the western margin of the LVB in the 3D velocity model (Figures 4-1

and 4-4). The geometry of the LVB is similar to Behrendt et al.’s (1968) in Figure 4-3, but the

deepest portion of the LVB is allowed to extend several km further east beneath the dam,
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Table 4-1: Best-Estimates of Relationships between P-wave Velocity and Vs, ρ, Qp, and Qs.

Let Vp = P-wave velocity (km/s),
Vp max = Maximum P-wave velocity in the 3D model (km/s),
Vp min = Minimum P-wave velocity in the 3D model (km/s),
Vp range = Vp max  - Vp min (km/s),
Vs = S-wave velocity (km/s),
Vp/Vs max = Maximum Vp/Vs ratio in the 3D model = 2.2,
Vp/Vs min = Minimum Vp/Vs ratio in the 3D model = 1.73,
Vp/Vs range = Vp/Vs max  - Vp/Vs min = 0.47,
ρ = density (g/cm3),
Qp = P-wave attenuation quality factor,
Qs = S-wave attenuation quality factor,

Then:

Vs =Vp/( [(Vp max - Vp)/Vp range]3  *  Vp/Vs range + Vp/Vs min),

ρ = (Vp max - Vp)/Vp range  *  -0.45 + 2.75,

Qp = (Vp max - Vp)/Vp range  *  350 + 50,

Qs = (Vs max - Vs)/Vs range  *  180 + 20.

These relationships were used to generate Vs, ρ, Qp, and Qs for the "best-fitting" 2D finite-

difference grids in this section and the 3D finite-difference grids used to calculate ground

motions in Section 6.
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consistent with the gravity observations in Figure 4-3 and Plate 1. The 2D synthetic seismograms

reproduces the relative amplitudes and travel-times of the direct P- and S-waves and the LVB-

edge S-wave (Figure 4-5). Several Vs, Qp, and Qs relationships with P-wave velocity were tested

before arriving at the relationships listed in Table 4-1. The synthetic seismogram also does a

reasonable job of reproducing the total duration of ground motion; a relatively low Qs of 20 is

used near the surface to reproduce observed durations and amplitude decays observed at JLDW. 

A synthetic radial-component record section is shown in Figure 4-6 to illustrate the characteristics

of the LVB-edge S-wave observed at station JLDW. The largest amplitudes are found in the

western portion of the LVB closest to the hypocenter. However, the LVB-edge S-wave attains a

peak velocity at the dam of 33% of the maximum velocity observed on the surface. These large

LVB-edge S-wave amplitudes occurs at the dam because the dam is located ~10 km from the

western LVB margin, in the distance range where a caustic develops due to the critical

refraction/reflection of the LVB-edge S-wave along the east-dipping margin of the western LVB.

Using JLDW as the source position and invoking reciprocity, the ray paths in Figure 4-7b

illustrate the consequences of the geometry of the western margin of the LVB on ground motion

amplification at the dam. Refraction/reflection along the western LVB boundary produces

focusing (e.g., near zero wavefront curvature) that counteracts geometric spreading sufficiently to

make the LVB-edge S-wave amplitude larger than the direct S-wave, even though the LVB-edge

wave has propagated along a path distance that is nearly twice the propagation distance of the

direct S wave. Figure 4-7a shows that the LVB captures radiated seismic energy over a very wide

cross section. Thus, the LVB is a very efficient seismic collector, and sites within the LVB are

likely experience substantial multipathing for sources located beneath the LVB (e.g., the Teton

fault).

4.2.2   Synthetic Seismogram Modeling of the 29 Sep. 1996 M 1.6 Earthquake. This

earthquake is located about 7 km northwest of station JLDW (the epicenter is event 3 in Figure 4-

1) at a depth of 5-6 km (Figure 4-8). First-motions from the JLSN indicate a normal-faulting focal

mechanism with dips of 47 degrees for the east-dipping nodal plane. Depth uncertainties of ~1 km

allow for Teton fault dips of 40-50 degrees, assuming the earthquake is located on the Teton fault.

The small magnitude and substantial long-period site noise required modeling to a maximum
Jackson Lake Dam 94
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frequency of 4 Hz to obtain sufficient signal-to-noise ratios to model the direct S-wave and LVB-

edge S-wave arrivals. The focus for modeling this earthquake was on varying the northwestern

boundary dip and position (Figure 4-8), so no attempt was made to model the southeastern portion

of the model in Figure 4-8, since it had little effect on the JLDW seismograms for this earthquake. 

This is an important earthquake because it occurs close to line 4 of Behrendt et al. (1968) and

provides constraints on the geometry of the northwestern boundary of the LVB (Plate 1 and

Figure 4-9). The strongest lateral gravity gradient is located along the northwest boundary of the

LVB (Plate 1 and Figure 4-9b). As noted by Behrendt et al. (1968), this requires the northwest

LVB boundary to have a steep dip and for the LVB to have it’s maximum depth within the

northwestern portion of the LVB (Figure 4-8). Several LVB boundary dips were used to calculate

synthetic seismograms, only velocity models with steep LVB boundary dips were able to

reproduce the observed amplitude ratios and time-differences between the direct S-wave and the

LVB-edge S-wave on the radial seismogram (Figure 4-10). 

Several Hertz reverberations persist for > 20 s in the observed seismograms (Figure 4-10).

Frankel and Clayton (1986) showed that correlated-random (fractal) crustal velocity variations are

necessary to explain seismic coda. To ascertain the importance of short-wavelength correlation on

the waveform duration, a 2D fractal velocity randomization of the low-velocity-LVB portion of

Figure 4-8 was employed using an anisotropic von-Karman autocorrelation function in the

wavenumber domain, P(kr), of the form

(4-1)

where ax and az are the horizontal and vertical correlation distances, respectively, and kx and kz

are the horizontal and vertical wavenumbers, respectively. Values of ax = 0.5 km and az =0.35 km

were used because the deposits in the LVB are likely to vary more rapidly in depth than in the

horizontal dimension (e.g., normal to bedding structures). A standard deviation of 9% was used

which produced very long synthetic high-frequency coda durations (Figure 4-10). This suggests

that either the actual velocity variability is better represented by standard deviations < 9% and/or

that near-surface Qs is < 20. Since empirical Green’s function were used to represent > 1 Hz site

P kr( )
azax

azkz( )2 axkx( )2+ 
 
------------------------------------------------≈
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Line 4(a) (b)

(c)

Figure 4-9:  Line 4 traveltimes and interpretations reproduced from Behrendt et al. (1968). (a) 
Unreversed traveltimes from line 4 (see Plate 1 for shotpoint locations). (b) Behrendt et al.’s (1968) 
Bouguer-anomaly observations and 2D line integral gravity model for line 4 based on the model in 
(c). (c) P-wave velocity model from Behrendt et al. (1968) estimated using time-depth method and 
velocities from lines 1-3.
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responses in Section 6, further comparisons of correlated-random velocity variations and

variability of synthetic seismogram responses were not pursued.

4.2.3   Synthetic Seismogram Modeling of the 15 Nov. 2001 M 2.9 Earthquake. This

earthquake is located about 20 km SSE of station JLDW (the epicenter is event 2 in Figure 4-1) at

a depth of ~8 km (Figure 4-11). P-wave first-motions from the JLSN indicate a oblique-normal-

faulting focal mechanism with a dip of 57 degrees for the east-dipping nodal plane. This

earthquake is located too far east of the surface trace of the Teton fault to be associated with the

fault. The magnitude of 2.9 allowed for modeling to lower frequencies (< 1.5 Hz) than the other

two events. The focus for modeling this earthquake was on varying the southeastern boundary dip

and position (Figure 4-11), so no attempt was made to model the northwestern portion of the

model in Figure 4-11, since it had little effect on the JLDW seismograms for this earthquake. This

model was developed prior to the modeling presented in Section 4.2.2.

The synthetic 2D seismogram provides good amplitude agreement with the observed direct S-

wave and LVB-edge S-wave; the synthetic LVB-edge surface wave amplitude is a bit smaller than

the observed amplitude (Figure 4-12). The synthetic LVB-edge S-wave arrives about 0.5 s later

than the observed LVB-edge S-wave, but the synthetic and observed direct S-waves and LVB-

edge surface waves arrival times are the same. Minor adjustments to the hypocenter location

would likely reduce the arrival time discrepancies. Overall, the good agreement between the

amplitudes of the observed and synthetic radial seismograms in Figure 4-12 indicates that the

position and dip of the southern LVB margin in Figure 4-11 and the LVB velocities between the

southeastern LVB margin and station JLDW are reasonable. The 9% standard deviation fractal

velocity randomizations within the LVB imposed in the same manner as the 29 Sep. 1996

earthquake modeling increased synthetic durations. However, the synthetic duration is shorter

than the observed duration, which probably reflects the lack of 3D multipathing in the 2D model,

and the greater distance of this earthquake (> 20 km) from JLDW relative to the 29 Sep. 1996

earthquake (~7 km from JLDW). Durations using the 3D model are more consistent with the

observed data as discussed in Section 4.4.
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4.3  Comparison of 3D Velocity Model to the Seismic Refraction Data

The 3D P-wave velocity model reproduces the line 2 P-wave traveltimes of Behrendt et al. (1968)

well, except for the eastern portion of the travel time data (Figure 4-13), where it is clear that the

low-velocities would need to be continued to the east in the 3D model to match the refraction

data. The truncation of the LVB east of the dam in the 3D velocity model is probably not a

substantial issue for using the 3D model to estimate ground motions at the dam because the Teton

fault interacts most strongly with the western portion of the LVB. However, it would be prudent to

use several earthquakes located east of the dam recorded at station JLDW to constrain the

eastward extent of the LVB.

The 3D velocity model produces a refracted traveltime branch on the west of shotpoint 2.1 that is

about 0.1 s too late. As shown in Figure 4-14b, the bottom of the western portion of the LVB is

probably 0.2-0.3 km too deep to precisely reproduce the traveltimes in the 2-10 km distance range

in Figure 4-13. While the 3D velocity model actually fits the high apparent velocities observed for

distances < 2 km in Figure 4-13, the model lacks the 0.1-0.2(?) km thickness of low-velocity near-

surface material (moraines, talus, etc.) that likely comprise the near-surface materials between the

LVB and the scarp of the active Teton fault. If the depths to the bottom of the western portion of

the LVB in the 3D model were modified to reproduce the travel-time curve more closely in the 2-

to-10-km distance range, the veneer of low-velocity near-surface materials that probably exist for

distances < 2 km would also need to be added to the 3D velocity model to reproduce the observed

shotpoint 2.2 western-branch traveltime curve in the < 10 km distance range. Since a grid spacing

of 0.2 km was used in the 3D velocity model to calculate ground motions at the dam, these

discrepancies in traveltimes all approach the resolution limit of the discrete 3D velocity model

and are probably not significant for calculating < 1 Hz synthetic ground motion responses at the

dam. 

The 3D velocity model has a horizontal velocity gradient that increases velocities in the eastward

direction. Whereas Behrendt et al. (1968) substantially decreased the thickness of low-velocity

sediments east of JLDW, the 3D velocity model simply increases the average velocities of the

sediments eastward, instead of decreasing sediment thicknesses eastward as rapidly as Behrendt
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Figure 4-13:  (A) P-wave travel-time plot for lines 2 from Behrendt et al. (1968) and (B) corresponding 
slice of the 3D P-wave velocity model. Labeling of (A) is as in Figure 4-2. The western portion of 
line 2 located ~1 km north of Jenny Lake shows very-high apparent velocities for shotpoints 2.2 and 
2.3 as show by the black arrows. The red curves on line 2 are P-wave travel-time curves from the 3D 
velocity model (Figure 4-1) for shotpoints 2.1 and 2.2. The 0.1 s delay on the ~6.1 km/s apparent 
velocity western traveltime branch for shotpoint 2.2 suggests that the deepest portion of the LVB in 
the 3D model is 0.2-0.3 km too deep to fit the refraction data (see Figure 4-14). The lack of a travel-
time advance in the refraction data along the eastern traveltime branch from shotpoint 2.2 indicates 
that the LVB continues east of the limit indicated by the 3D model, as shown by the dashed black 
arrow in (B); the refraction data show that ~2-km-thick low velocities persist to at least the eastern 
limit of line 2. The Teton fault is shown for dips of 35°, 45°, and 60° by the black lines in (B).
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Figure 4-14:  (A) Line 2 interpretation from Behrendt et al. (1968) and (B) corresponding slice of the 3D 
P-wave velocity model. Labeling of (A) is as in Figure 4-3. The lack of a travel-time advance in the 
refraction data along the eastern traveltime branch from shotpoint 2.2 (Figure 4-13) indicates that the 
LVB continues east of the limit indicated by the 3D model, as shown by the dashed arrow in (b); the 
refraction data show that ~2-km-thick low velocities persist to at least the eastern limit of line 2. The 
green curves in (A) and (B) are the Behrendt et al. (1968) interfaces between slow sediments and faster
Mesozoic rocks and the magenta curves in (A) and (B) are Behrendt et al.’s interface between 
Mesozoic rocks and basements rocks. There is strong agreement in the depth to a significant velocity 
contrast between the Behrendt et al. (1968) model and the 3D model for the portion of the LVB west of
JLDW, but east of the JLDW, the 3D model places the strong velocity contrast near the interface 
between Mesozoic rocks and basements rocks in model of Behrendt et al. (1968). 
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et al. (1968). The 3D velocity model is consistent with the findings of Byrd et al. (1994) that

significant vertical and horizontal velocity gradients exist within the LVB. The 3D velocity model

is consistent with the total thickness of lower density rocks within the LVB, particularly with the

relatively small increase of gravity east of the dam (except for the fact that the LVB is artificially

truncated to the east, as indicated in Figure 4-15). Specifically, it appears likely that the dam is

located over the deepest portion of the LVB, as indicated by the observed gravity in Figure 4-14a.

The time delay between the LVB-edge S-waves and the direct S-waves in the two earthquakes

(events 1 and 3) also support having JLDW located over the deepest portion of the LVB.

It would be necessary to model more earthquake responses at JLDW from earthquakes located

east of the dam to better constrain the eastern extent of the LVB velocity model. Since the eastern

portion of the LVB is located furthest from the Teton fault, it is less likely to produce LVB

responses that are as strongly amplified at the dam as the LVB-edge S-wave produced along the

western margin of the LVB. This issue is discussed in more detail in the next section.

4.4  Seismic LVB Responses to Teton Fault Earthquakes: Influence of LVB Structure

To illustrate the importance of the 3D velocity structure on seismic responses at the dam, low-

frequency (< 1 Hz) reciprocity Green’s functions (RGF) calculated using the 3D velocity-density

model (for use in Section 6) are discussed here. As indicated in Figure 4-15, there are three

portions of the LVB margin that are located 10-to-14 km from the dam and likely to produce high-

amplitude, critically reflected/refracted LVB-edge S-waves at the dam. Two of the three portions

of the LVB margin in the critical distance range from the dam are located along the eastern end of

the LVB where LVB structure is most uncertain. For instance, the strongest S-wave horizontal

arrivals at the dam for a point-source located at the base a 35-degree-dipping Teton fault at the

northeast corner of the fault (Figures 4-16 and 4-17) are the LVB-edge S-waves produced along

the northeast corner of the LVB (see F8 in Figure 4-15). However, if the northeastern edge of the

LVB is actually located more than 14 km from the dam, the LVB edge will not produce high-

amplitude LVB-edge S-waves at the dam. Instead the response may be more like those found in

Figures 4-18 and 4-19 for a point source at the southeast corner of a 35-degree-dipping Teton

fault, where total durations are much longer, and LVB-edge S-wave amplitudes do not always

exceed direct S-wave amplitudes. However, the amplitudes of the secondary arrivals are rather
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Figure 4-15:  Plan view of the P-wave 3D velocity model with embedded Jackson Hole LVB at elevation 
2 km. The postulated LVB is “closed”; it’s surrounded by high-velocities everywhere (in depth and 
plan views), however as indicated by the short-dashed black curve, question mark, and arrow, the 
eastern portion of the LVB is likely to extend well beyond the LVB indicated in the 3D velocity 
model.The plan projection of the idealized geometries of the two primary (northern and southern) 
segments of the Teton fault for dips of 35°, 45°, and 60° are the solid rectangles (surface trace to the 
left). Blue circle is the JLDW rock site station. The dashed rectangle shows the limits of the 3D finite-
difference grid. Numbered magenta circles are point-source positions for Figures 4-16 and 4-17 (F8) 
and 4-18 and 4-19 (F9). Blacktail Buttes is denoted by BTB. The region between the thick dashed 
lines indicates the distance range from station JLDW that strong LVB-edge S-wave arrivals are 
produced. The double arrow line indicates the portion of the western LVB that acts as a strong 
secondary source of S-waves at the dam.
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Figure 4-16:  E15S horizontal component < 1 Hz 3D finite-difference RGF’s moment-time histories at 
JLDW for a point-source at the northeast corner of the Teton fault. The point-source has a moment 
of 1020 dyne-cm (magenta circle labeled F8 on Figure 4-15). The mxx, mzz, and mxz moment 
components are most relevant for normal-faulting ground motions associated with the Teton fault. 
There are two seismograms shown for each moment component to illustrate the differences between 
the Graves (1996) and Graves and Day (2003) approaches to accounting for attenuation. The Graves 
and Day (2003) approach was used for all calculations in this report.
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Figure 4-17:  N15E horizontal component < 1 Hz 3D finite-difference RGF’s moment-time histories at 
JLDW for a point-source at the northeast corner of the Teton fault. The point-source has a moment 
of 1020 dyne-cm (magenta circle labeled F8 on Figure 4-15). The mxx, mzz, and mxz moment 
components are most relevant for normal-faulting ground motions associated with the Teton fault. 
There are two seismograms shown for each moment component to illustrate the differences between 
the Graves (1996) and Graves and Day (2003) approaches to accounting for attenuation. The Graves 
and Day (2003) approach was used for all calculations in this report.
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Figure 4-18:  E15S horizontal component < 1 Hz 3D finite-difference RGF’s moment-time histories at 
JLDW for a point-source at the southeast corner of the Teton fault. The point-source has a moment 
of 1020 dyne-cm (magenta circle labeled F9 on Figure 4-15). The mxx, mzz, and mxz moment 
components are most relevant for normal-faulting ground motions associated with the Teton fault. 
Note the longer duration of these moment responses relative to Figure 4-16. There are two 
seismograms shown for each moment component to illustrate the differences between the Graves 
(1996) and Graves and Day (2003) approaches to accounting for attenuation. The Graves and Day 
(2003) approach was used for all calculations in this report.
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Figure 4-19:  N15E horizontal component < 1 Hz 3D finite-difference RGF’s moment-time histories at 
JLDW for a point-source at the southeast corner of the Teton fault. The point-source has a moment 
of 1020 dyne-cm (magenta circle labeled F9 on Figure 4-15). The mxx, mzz, and mxz moment 
components are most relevant for normal-faulting ground motions associated with the Teton fault. 
Note the longer duration of these moment responses relative to Figure 4-17. There are two 
seismograms shown for each moment component to illustrate the differences between the Graves 
(1996) and Graves and Day (2003) approaches to accounting for attenuation. The Graves and Day 
(2003) approach was used for all calculations in this report.
Jackson Lake Dam 114
Ground Motion Evaluation



FINAL REPORT June 13, 2003
remarkable considering that the direct S-wave propagation distance is less than the half

propagation distances of most LVB-edge S-waves. A nearly 10-km-long region of the along

western margin of the LVB (Figure 4-15) provides a large secondary source dimension which

explains why the amplitudes of LVB-edge S-waves are nearly comparable to direct S-wave

amplitudes in (Figures 4-18 and 4-19). The longer durations in Figures 4-18 and 4-19 relative to

Figures 4-16 and 4-17 also reflect the fact that the southern end of the LVB is located > 15 km

from the dam, allowing LVB-edge surface waves to fully develop between the southern LVB-

edge and the dam. If the LVB is extended further east and northeast, then the responses at the dam

for seismic energy radiated from the northeast portion of the fault will likely be much longer than

in Figures 4-16 and 4-17, but LVB-edge S-wave amplitudes should be somewhat reduced.

These results illustrate some of the sensitivities of seismic responses at the dam to assumed 3D

velocity structure. To provide an overview of the influence of the 3D LVB on strong motion

responses, E15S profiles of ground motion attributes, including Arias Intensities, are shown in

Figure 4-20 for a kinematic simulation of a M 7.1 earthquake on the northern segment of a 35°-

dipping Teton fault that extends to 16 km depth. Arias Intensity is a ground motion parameter that

quantifies the potential destructiveness of an earthquake as the integral of the square of the

acceleration-time history (Kayen and Mitchell, 1997). Arias Intensity correlates will with several

commonly used engineering demand measures of structural performance, liquefaction, and

seismic slope stability (Kayen and Mitchell, 1997). The kinematic rupture model for Figure 4-20

uses a different random seed to generate the asperity distribution than the rupture models used to

produce Figure 6-11. The substantial differences in peak velocities and accelerations between

Figures 4-20 and 6-11 illustrate the sensitivity of ground motions to details of fault rupture in the

near fault region. 

Peak ground motions and Arias Intensities are largest in the western half of the LVB, return to

peak levels comparable to the hanging wall near the fault, at the position of the dam, and decrease

past the dam in the E15S direction. Peak motions in the LVB east of the dam are less than peak

motions on the hard-rock sites (> 3 km/s S-wave velocities) located west of the LVB adjacent to

the fault. Unlike the western 8 km of the LVB, the dam is not subjected to extreme amplification

associated with combined effects of rupture directivity and LVB amplification. However, the peak
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Figure 4-20:  Simulated peak motion characteristics for a M 7.1 earthquake on the Teton fault. Long-
period (< 1 Hz) peak horizontal velocities (PHV) (a), peak horizontal accelerations (PHA) (b), and 
Arias Intensities (c) for a profile of sites oriented E15S through the JLDW from a 3D finite-difference 
simulation of a M 7.1 normal-faulting earthquake on the northern Teton fault segment with a 35°-dip 
extending to 16 km depth. The hypocenter was located at 15 km depth, 2 km from the south end of 
the fault segment. The Jackson Lake LVB is located on the hanging wall, 2 km from the surface trace 
of the Teton fault. 
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velocities and Arias intensities at the dam are larger than at sites located adjacent to the fault on

the high-velocity portion of the hanging wall, indicating that the dam is subjected to amplification

associated with rupture directivity; rupture directivity is smaller at the dam for fault dips of 45°

and 60°, as shown in Section 6. Amplification at the dam is a result of it being located in the LVB.

Note that high-velocity hard-rock footwall peak horizontal velocities (PHV) are < 1/4 of the

largest PHV’s in the LVB (1/16th of the LVB’s peak kinetic energy), footwall peak horizontal

accelerations (PHA) are < 1/2 of maximum LVB PHA’s, and footwall Arias Intensities are < 1/7th

of the maximum LVB Arias Intensities. PHA’s, PHV’s, and Arias Intensities diminish to values

less than high-velocity footwall site values about 3 km east of the dam, indicating the absence of

rupture directivity for sites locate > 15 km east of the fault. The results in Figure 4-20 represent

but one kinematic rupture simulation, so it’s important to not over interpret the results. However,

Figure 4-20 provides a good schematic example of systematic spatial variations of strong motions

relative to the surface scarp of the Teton fault and the LVB. Section 6 presents detailed

calculations focused on quantifying strong motion responses at JLDW.

Stirling et al. (2002) postulate that rock site observations of balanced rocks may provide paleo

ground motion information. Stirling et al. (2002) compared observed balanced-rock-site

amplifications with observed soil-site responses. They found that 1 Hz rock site responses were

half those of soil sites. Yet Stirling et al. (2002) concluded that since 10 Hz responses were

comparable, rock sites responses were not substantially different than soil sites. However, Stirling

et al. (2002) fail to acknowledge that peak velocities (~ 1 Hz response) provide better correlations

with earthquake damage than peak accelerations (~10 Hz responses) (EERI, 1994). Also, ground

motion durations and thereby, integral measures, such as Arias Intensity, that correlate much

better than peak accelerations with earthquake damage (Kayen and Mitchell, 1997), will be

lowest at rock sites (see Figure 4-20c). Given all these caveats about Stirling et al. (2002), and the

low-frequency ground motion results in Figure 4-20, is it reasonable to expect normal-faulting,

near-fault footwall proxies for paleo-ground motions to have any relevance to ground motions in

hanging wall LVBs adjacent to normal faults? Probably not, given the contrast between low Arias

Intensities adjacent to the fault in the footwall, and Arias Intensities seven times larger in the LVB

at sites located > 5 km from the fault (Figure 4-20c). It is clear that footwall paleo ground motion

proxies are not realistic ground motion proxies for hanging wall ground motions for typical
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normal fault crustal velocity geometries, including the crustal velocity structure adjacent to the

Teton fault. 

4.5  Structural Interpretation of Hanging Wall Geology and Geophysics

The late-Quaternary surface scarp of the Teton fault is located ~1-2 km west of the western

margin of the LVB as constrained by seismic refraction and gravity data (Figures 4-13 to 4-15).

Line 2 shotpoint 2.1 is located about ~0.5 km east of the Teton fault scarp (Figure 4-14). The

high-apparent velocities near shotpoint 2.1, the high-apparent velocities that extend 3 km east of

the western edge of line 2 for shotpoint 2.2 travel-times, and gravity modeling of Lavin and

Bonini (1957), Behrendt et al. (1968), and profile 2 of Byrd et al. (1994) clearly show that high

velocities and high densities persist at shallow depths ~1-2 km east of the surface scarp of the

Teton fault in the vicinity of Jenny Lake (Figures 4-13 and 4-14). The gravity interpretations of

Byrd et al. (1994) for profiles north (profile 1) and further south of Jenny Lake (profile 3) fail to

satisfy maximum gravity observations located immediately east of the surface scarp of the Teton

fault, because low-density LVB sediments with thickness of ~2 km are extended west by Byrd et

al. (1994) to abut the present-day Teton fault scarp. A more parsimonious interpretation of Byrd et

al.’s (1994) gravity profiles 1 and 3 would extend high-density material 1-2 km east of the late-

Quaternary surface scarp of the Teton fault to satisfy the maximum gravity amplitudes observed

immediately east of the Teton fault scarp on each of the profiles. Thus, it appears that the low-

velocity, low-density LVB begins >1 km east of the late-Quaternary scarp of the Teton fault for

most of the length of the northern Teton fault segment (Figure 4-15). This means that both the

footwall and hanging wall in the vicinity of the Teton fault consist of relatively high-density and

high-velocity materials; the LVB does not represent the hanging wall interface of the active Teton

fault. This has some important ground motion and rupture dynamic implications that are

discussed in Section 6.

The high-velocity, high-density structure on each side of the Quaternary surface trace of the Teton

fault was noted by Behrendt et al. (1968) and Byrd et al. (1994), among others. Several

investigators have postulated the existence of a second normal fault bounding the western margin

of the LVB (Lavin and Bonini, 1957; Behrendt et al., 1968; Tibbetts et al., 1969). Byrd et al.

(1994) discount the existence of a normal fault bounding the LVB (e.g., > 1 km east of the late-
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Quaternary Teton fault scarp), and appeal to the existence of a Laramide or older structure high-

density body along the northern 40 km of the Teton fault to explain the high gravity amplitude

observations east of the mapped surface trace of the Teton fault. An enigmatic aspect of the

postulated normal fault several km east of the late Quaternary scarp of the Teton fault, is it’s lack

of apparent Quaternary activity (Gilbert et al., 1983; Susong et al., 1987; Smith et al., 1993; Byrd

et al., 1994; Byrd, 1995) and it’s relatively shallow dip of about 30 degrees (Behrendt et. al. 1968,

Figure 4-14). The 10-degree, west-side-down tilt of the Teton Range in response to normal-

faulting, as inferred by Byrd et al. (1994) from paleomagnetic data, provides a mechanical

explanation for the westward migration of the Teton fault into the Teton Range and the existence

of multiple normal faults. A westward tilt of 10 degrees would take a 40-degree east-dipping

normal fault and rotate it to 30 degrees. Mandl (2000, p. 333-334) showed that as a normal fault

approaches 30 degrees it become mechanically impossible to continue normal fault growth,

particularly if fault growth is controlled by processes below 10 km. Consequently, in response to

the westward tilting in the vicinity of the Teton Range, the Teton fault jumped west several km

and initiated a new more steeply dipping (>> 35°), east-dipping normal-fault in its present

position. 

Buck (1993) showed isostatic responses make it likely that normal faults will tend to rotate

toward shallower dips as total fault displacement increases. Collettini and Sibson (2001) use

worldwide focal mechanism data from M > 5.5 earthquakes to show that the most common

normal fault dips are 40-to-45 degrees, substantially lower dips than would be ascribed to normal

faults based on simple faults mechanics of Anderson (1951) of 60-to-75 degrees. Thus, even if the

initial dip of the late-Quaternary scarp of the Teton fault was 60° several m.y. ago, the results of

Buck’s (1993) analyses indicate that the present dip of the active Teton fault is likely be < 50

degrees. The preponderance of normal faulting dips ≤ 50 degrees (76%) in Collettini and Sibson

(2001) also suggests that the dip of the currently active trace of the Teton fault is likely to be

≤ 50°. As noted in Section 2, there appears to be a third set of normal faults developing west of

the primary late-Quaternary Teton fault scarps shown on Figure 4-15. These western-most normal

faults have relatively small late-Quaternary scarp heights of < 10 m, but steep dips of ~75°,

consistent with the development of new normal faults at high angles predicted by fault mechanics

(e.g., Anderson, 1951). 
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Westward tilt of the Teton Range (Byrd et al., 1994) and isostatically-driven progressive fault

rotation toward shallower dips with fault displacement (Buck, 1993) explains the existence and

current orientations of all three “Teton” faults, a now inactive ~30°-dipping relic Teton fault

bordering the western margin of the LVB, the currently late-Quaternary-active range-front-

bounding Teton fault that has produced multiple surface-rupturing earthquakes in the past 17-18

ka (Section 2), and an incipient steeply-dipping Teton fault developing several km west of the

range front that is characterized by relatively small-offset fault scarps (Section 2). In summary,

the existence of three “Teton” faults, each offset from its neighbor by several km in the east-west

direction, is consistent with fault mechanics, all the geophysical and geological data, including the

lack of Quaternary activity on the eastern fault, and expected isostatic responses. The ground

motion investigations in the report focus exclusively on earthquake rupture scenarios on the

range-front Teton fault (Figure 4-15); earthquake scenarios are not considered for the other two

“Teton” faults because the easternmost fault shows no signs of late-Quaternary activity (Gilbert et

al., 1983; Susong et al., 1987; Smith et al., 1993; Byrd et al., 1994; Byrd, 1995) and the western

most fault is located further from the dam, and would produce smaller ground motions at the dam.

The horizontal offset of the hanging wall LVB several km east of the presently-active Teton fault

is typical of most normal faults in the Wasatch fault zone region of the intermontane seismic belt

(ISB) (Zoback, 1983). It may be that fault rotation and migration of normal faults into the

footwall (into range fronts) may be the norm in the ISB. Zoback (1983) only reports three cases in

a sample of 23 normal faults in the Wasatch fault zone that consists of a single normal fault

bounding the hanging-wall LVB. The rest of the normal fault hanging wall LVB in Zoback (1983)

contained at least one normal fault embedded in the LVB.

4.6  Conclusions

The refraction data and MEQ waveform modeling indicate that nearly linear vertical and

horizontal velocity gradients characterize the LVB generally referred to as Jackson Hole,

consistent with the seismic refraction interpretations of LVB velocity structure of Byrd et al.

(1994). Behrendt et al.’s (1968) and Tibbetts et al. (1969) interpretations of the refraction data

used constant velocity layers with strong velocity discontinuities within the LVB; these models

fail to reproduce strong broadband arrivals that follow direct S-waves by ~3-6 s. These arrivals
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are composed of S-waves and surface waves produced at the LVB margins. The 3D velocity

model of the LVB developed in this section is similar to the velocity model of Byrd et al. (1994)

and reproduces observed seismograms from three earthquakes located near the edges of the LVB

quite well. The paucity of strong S-P conversions on vertical-component seismograms from

station JLDW, also argues against the existence of strong velocity discontinuities internal to the

LVB, postulated by Behrendt et al. (1968). Geophysical P- and S-wave velocity logs near station

JLDW (Sirles, 1986) provided near-surface S-wave velocity estimates that where consistent with

observed LVB-edge S-wave and surface wave travel-times to the LVB rock site. 

The 2D finite-difference waveform modeling presented in this section shows that earthquake

seismograms recorded at station JLDW inside the LVB can constrain LVB margin locations and

dip geometries using earthquakes located near LVB edges, and independent constraints on

earthquake locations and focal mechanisms provided by a large-scale Jackson Lake

seismographic network. The JLSN provided the data necessary to constrain earthquake locations,

focal mechanisms, and large-scale 3D P-wave velocity structure, and made it possible to model

broadband earthquake recordings in the LVB to constrain Jackson Lake LVB P- and S-wave

velocity structure. The gravity data in Behrendt et al. (1968) and Byrd et al. (1994) provided

valuable information to interpolate LVB margin structure between constraints provided by the 2D

finite-difference modeling and seismic refraction data, but interpretation of the gravity data is

intrinsically non-unique.

While the 3D model of the LVB appears to provide a good representation of western LVB velocity

structure close to the Teton fault, the 3D LVB model is clearly artificially truncated east of the

dam (Figure 4-13). It would be necessary to perform 2D or 3D seismogram modeling of LVB

recordings of earthquakes east of the dam to constrain the LVB velocity structure > 8 km east of

the dam. It’s logical that eastern LVB velocity structure is less important than western LVB

structure, because the Teton fault interacts more strongly with the western LVB. It is not clear

how significantly the artificial truncation of the LVB influences estimated ground motions at the

dam. For instance, the LVB-edge S-wave amplitudes in Figures 4-16 and 4-17 may be

overestimated, but the total ground motion durations may be underestimated if the eastern margin
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of the LVB extends > 4-to-5 km further east than indicated in Figure 4-15. This issue probably

warrants further investigation.

The seismogram modeling of microearthquakes shows that 3D velocity-model Green’s functions

are necessary to simulate ground motions within the LVB, not just to obtain realistic durations,

but to include the constructive interference effects of coherent secondary sources, like LVB-edge

S-waves. Empirical Green’s functions may underestimate 1-4 Hz responses because the coherent

LVB-edge S-waves are probably not adequately represented by the eight empirical Green’s

functions used in Section 6. As Figure 4-20 shows, near-surface ground motion amplitudes may

be very large along the western margin of the LVB due to rupture directivity. Thus, material

nonlinearity may occur at the LVB edges; nonlinearity may modify LVB-edge S-wave and surface

contributions to LVB ground motions. It may be important to conduct 2D P-SV plane-wave

experiments using nonlinear finite-difference or finite-element codes to ascertain if near-surface,

LVB-edge nonlinearity substantially influences ground motion durations and amplitudes within

the LVB.

Since the majority of ground motions used to develop ground motion attenuation relations are

from California, it’s important to recognize the significant differences between the crustal

velocity structure near the Teton fault and typical California crustal velocity structure. Near-

surface P-wave velocities are ~6 km/s near the surface adjacent to the Teton fault. In southern

California, P-wave velocities of 6 km/s are typically not encountered until depths of 5-10 km

(Hauksson and Haase, 1997). High basement velocities extending to near the surface in the

vicinity of the Teton fault translates into very large velocity contrasts between the LVB and

surrounding basement rocks, particularly along the western half of the LVB. Thus, even though

LVB S-wave velocities are similar to California “rock” or NEHRP site class B S-wave velocities

(> 720 m/s), the JLDW rock site behaves more like California stiff-soil site with S-wave

velocities of 300-to-600 m/s, than a California “rock” site. The large velocity contrasts between

the LVB and the basement rock makes the LVB a strong collector of radiated seismic energy

(Figure 4-7a), which produces unusually long observed durations at JLDW (Section 5), long

synthetic ground motion durations (Figures 4-16 and 4-17) and amplification of ground motions

within the LVB (Figure 4-20). 
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Seismographic network monitoring by the JLSN for over 16 years was necessary to record a large

number of earthquakes and associated arrival time data to constrain 3D crustal velocity structure.

Since earthquakes tend to cluster in space and time (Section 3), a long duration of seismic

monitoring was required to begin to fill the 3D volume of the crust with earthquakes. It’s

necessary to have earthquakes distributed throughout the 3D crustal volume to obtain reasonable

constraints (ray-path coverage) on 3D velocity structure. The five-year duration of broadband

site-response monitoring was critical to obtaining earthquakes located on-or-near the Teton fault,

given the relatively low-rate of seismicity observed on the Teton fault trace and other major ISB

normal faults; one of the earthquakes used in the seismogram modeling of LVB velocity structure

occurred in Sep. 1996 and another occurred in Nov. 2001. Longer duration broadband three-

component monitoring of site responses increases the probability of recording larger-magnitude

earthquakes that could provide the data necessary for modeling seismograms to lower frequencies

than could be accomplished with the site-response data available for this study. The configuration

of the JLSN provided the supplemental data necessary to constrain earthquake locations and focal

mechanisms; seismogram modeling cannot constrain LVB velocity structure when there are too

many unconstrained parameters, like earthquake locations, focal mechanisms, and large-scale 3D

velocity structure. The absence of three-component broadband seismographic stations on the

periphery of the LVB limited resolution of the characteristics of LVB boundary structure and

precluded absolute amplitude calibration of LVB responses.

The 3D velocity model developed here provides a basis to use 3D finite-difference methods to

synthesize strong ground motions at Jackson Lake Dam. It would be prudent to investigate the

significance of several aspects of the 3D model on ground motion predictions at the dam.

Modeling of broadband site-response recordings of earthquakes located east of the dam would

help constrain the extent and velocity structure of the eastern limits of the LVB. Longer duration

broadband site response and seismographic network monitoring would likely provide larger-

magnitude earthquake recordings with sufficient signal-to-noise properties to allow 3D (instead of

2D) finite-difference seismogram modeling of LVB structure for frequencies on the order of 1 Hz.

This section has focused on the 3D velocity structure of the Jackson Hole LVB and seismic

responses at the ~1 km/s near-surface S-wave velocity station JLDW, located just south of
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Jackson Lake Dam. A portion of the dam is located on a very-low-velocity (VLV) glacial scour

basin, with near-surface S-wave velocities < 100 m/s. The next Section focuses on empirical and

synthetic seismogram analyses of the seismic responses of the VLV glacial scour basin and the

reference rock station JLDW. 
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 5.0   SITE RESPONSE

Bedrock ground motions propagating from the Teton fault will be modified by the soil column

underlying much of Jackson Lake Dam. Recordings of strong ground shaking at the dam that

would be needed to directly estimate this effect do not exist. As a practical matter, since nearby

large earthquakes occur infrequently, only the weak-motion recordings from smaller, more

frequently occurring earthquakes are available. We use this information, in conjunction with the

material properties of the soil column (including drill-hole logs and seismic velocity profiles), to

predict how these materials are likely to behave during M ~7 earthquakes on the Teton fault to

develop realistic input motions for use in non-linear soil response models of strong ground

shaking. The theoretical predictions are constrained by observations from weak-motion

recordings made at the dam.

5.1  Weak-Motion Site Response

This section describes measurement of the weak-motion site response at Jackson Lake Dam.

Ground motions from moderate-magnitude local earthquakes were recorded by three-component

broadband velocity seismometers at six locations on the dam and one location on the right

abutment.   Seismometers were deployed in an array along the axis of the dam, and in a linear

array trending perpendicular to the dam. In order to estimate the weak-motion site response,

recordings were compared to reference sites using the method of spectral ratios.

Ground motions on the north dike at stations 24+00 (JLD3, JLD4, and JLD5), 30+95 (JLD6), and

52+00 (JLD7) are amplified in the frequency range of 0.2 to 1.5 Hz, in comparison to the right

abutment (JLDW). The duration of ground shaking in this frequency band is substantially

prolonged. Ground motions at station 13+00 (JLD2) are not similarly amplified over this

frequency range, nor are the durations appreciably prolonged. Shallow sedimentary basins can

generate surface waves and converted body waves which result in this type of extended duration

site response. Low-velocity fluviolacustrine sands, gravels and a northward thickening wedge of

fines overlie higher-velocity glacial drift and gravels below the north dike (for stations greater

than 14+00), which effectively produces a low-velocity sedimentary basin structure.
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The amplification and prolonging of durations observed at station 24+00 (JLD3) were not

observed at station 13+00 (JLD2), consistent with the higher shear-wave velocities measured in

the soil column there. The transition in site response observed between stations 13+00 and 24+00

may occur close to station 14+00 based on the low shear-wave velocity observed at DH-804/805

(Sirles, 1986).

High-frequency (>1.0 Hz) ground motions recorded directly above the treated embankment

foundation at station 24+00 (JLD4) are observed to be lower in amplitude than outside of the

treated zone (JLD3), consistent with the higher shear-wave velocities obtained from the dynamic

compaction and Soil Mix Wall (SMW) treatments (Wright, 1990). However, for frequencies

below 1.0 Hz, substantial amplification and prolonging of duration are observed both inside and

outside of the treated zone.

Poorly consolidated sands and gravels underlie much of the north dike of Jackson Lake Dam, and

the site response to strong shaking is expected to be non-linear, in contrast to the observed weak

motion response. However, both the weak and strong motion responses are influenced by the

same shallow depositional basin structure underlying the dam.

While the observed weak motion site response (amplification and prolonging of duration) is

consistent with that of a shallow closed basin (2-D and 3-D response), it is not easily explained by

a vertically-propagating shear-wave in a horizontally stratified soil column (1-D response). The

response of a one-dimensional soil column is difficult to reconcile with the observed response on

the dam, which appears to be characterized by surface waves and converted body-waves. 

Available computer codes for estimating non-linear site response are based on propagating an

incident body wave through a 1-D soil column. These codes will tend to underestimate the

observed duration of shaking at Jackson Lake Dam because they do not fully account for the 2-D

and 3-D response of the local sedimentary basin (converted phases, surface waves, etc.). In order

to better account for the two or three-dimensional character of the observed weak-motion site

response, yet employ available one-dimensional codes for estimating non-linear site response, we

have used a hybrid approach. This approach incorporates the longer durations observed in the
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weak motion data to modify the input motions for use in one-dimensional nonlinear computer

codes.

5.1.1   Instrumented Sites. Seven three-component, broad-band velocity seismometers

were intermittently deployed at Jackson Lake Dam over a six-year period. Three to six

seismometers were deployed at localities along the north dike, and one was deployed on the right

abutment as a reference site. These sites are labeled JLDW, and JLD2 through JLD7 (see

Figure 5 1), and are described as follows:

JLDW:Located on Huckleberry Ridge Tuff on the right abutment, about 450 ft (140 m)

from the south dike (approx. Station 03+00). This site is located in an old quarry that

was used to provide rip rap for the dam. The Huckleberry Ridge Tuff appears to be

about 70 to 100 ft (20-30 m) thick at this locality.

JLD2:Toe of the north dike 300 ft (100 m) to the left of the concrete section at about station

13+00, near where the roadway diverges from the top of the north dike. The

seismometer is about 10 feet (3 m) downstream of the downstream Soil Mix Wall

(SMW).   Figure 5-2 shows a cross-section of the dam near JLD2. Shear velocity

profiles for the nearest drill hole pairs DH-800A/806 and DH-804/805 are shown in

Figure 5-3. The profile for DH-800A/806, which has higher velocities, appears to be

more representative for JLD2 because of the similarity of the observed site response

to JLDW.

JLD3:Downstream from the toe of the north dike, at Station 24+00. This site is about 100 ft

(30 m) downstream from the break in slope at the base of the embankment. It is

located about 30 ft (10 m) away from the edge of the downstream SMW (Figure 5-

2). No velocity profiles are available for JLD3-5, however the similarity of profiles

at DH-804/805 and DH-807/808 (Figure 5-3) for the upper 100 feet (30 m) suggests

that the velocity profile at JLD3-5 would be similar, at least for the upper 100 feet.
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Figure 5-2:  Profiles across Jackson Lake Dam at stations 12+00, 24+00, and 31+00 (Stelma, 1996) 
showing location of site response seismometers JLD2 through JLD6. Single-event spectral ratios 
relative to JLD3 are shown, indicating a de-amplification effect of foundation treatment for 
frequencies above 1.0 Hz.
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Figure 5-3:  Compressional and shear wave velocity profiles for the soil column underlying the north dike 
of Jackson Lake Dam, as determined by crosshole velocity measurements (Sirles, 1986). See Figure 5-
1 for location of drill holes. Zero-level for profiles is approximately the level of the upstream toe of the 
north dike. For DH-800A/806, which was drilled from the crest of the dike, the profile reported by 
Sirles (1986) was shifted by 25 feet. The other profiles were drilled from the upstream toe
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JLD4:Toe of the north dike at Station 24+00. This site is located at the downstream edge of

the embankment. The top of the downstream SMW lies a few feet below the site

(Figure 5-2).

JLD5:Crest of the north dike at Station 24+00. This site is located at the downstream edge

of the roadway on the crest of the dike (Figure 5-2).

JLD6:Toe of the north dike at Station 30+95. This site is located 57 ft (17 m) downstream

from the embankment, about 20 ft (6 m) outside of the limit of the Stage I dynamic

compaction zone (Figure 5-2). DH-807/808 is near JLD6. The velocity profile is

shown in Figure 5-3.

JLD7:Toe of the north dike at Station 52+00. This site is located 5 ft (2 m) downstream

from the embankment. The Stage I dynamic compaction zone extends

approximately to station 52+00, and JLD7 is near the boundary, perhaps up to 10 ft

(3 m) outside of the compaction zone. Groundwater encountered just below the

ground surface prevented placement of the seismometer vault much beyond or

downstream from this point. No shear-wave velocity profile is available at JLD7.

Initially, each seismometer (Guralp model CMG-40T) was installed below grade on a 2-ft (0.5 m)

diameter plaster pad covered by a lightweight plastic vault. The pad for JLDW was cemented onto

an outcrop of Huckleberry Ridge Tuff. The top of each vault was buried about 6 in (15 cm) below

grade, and covered with soil for thermal stability. Conduit was extended from the seismometer

vaults to nearby fiberglass instrumentation enclosures that served to house digital event recorders

and other equipment.

Flooding problems during the spring snowmelt and runoff eventually required abandonment of

many of the subsurface vaults. While the vaults, seismometers and cables were watertight, they

were not designed for long term immersion and eventually leaked or corroded. Flowing water was

observed just a few inches below the ground surface at stations JLD3, JLD6, and JLD7. These

vaults flooded on several occasions, requiring uncovering, draining, cleaning, and resealing.
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Because of flooding problems, the seismometers at stations JLD2, JLD3, JLD5 and JLD6 were

eventually relocated above ground, to the inside of nearby fiberglass instrumentation enclosures.

The data logging instrumentation was also upgraded. The above ground enclosures did not

provide the thermal stability of the subsurface vaults, but the seismometers remained dry. These

fiberglass enclosures also housed the strong-motion instrumentation for the dam. Each fiberglass

enclosure was bolted to a 5-ft x 5-ft x 6-in concrete pad that had been poured on grade. The

relocated seismometers from JLD2, JLD3, and JLD5 were placed on the concrete pads, inside of

the enclosures. The subsurface vault for JLDW remained dry, and the seismometer there was not

relocated. The seismometers for JLD4 and JLD7 were eventually removed because there were no

adjacent strong-motion enclosures to relocate the seismometers into.

5.1.2   Initial Data Recording System. Instrumentation for the initial deployment

consisted of Guralp CMG-40T seismometers attached to 16-bit digital event recorders (RefTek

Model A72-06), each with an internal 1-Gbyte disk drive. Identical instrumentation was installed

at seven sites (JLDW and JLD2-7). The RefTek recorders have unity and x32 gain inputs for each

component, providing a nominal 120 dB dynamic range. Reference timing was obtained from

GPS receivers attached to each digital event recorder. Seismometer calibration was obtained from

the manufacturer. Differences in the calibrated response for all the sensors used in this study were

minor, apart from an overall gain factor.

The Guralp CMG-40T sensors used in this study had a corner frequency of 30 seconds (velocity

output), which allowed for adequately recording motions in the frequency range of engineering

interest (0.2 to 2 Hz). However, background noise for unfiltered seismograms was typically

dominated by long period (> 6 seconds) microseisms. In contrast, the predominant frequency

content of small local earthquakes was typically greater than 1 Hz.

The broad-band frequency response of the seismometers thus had a significant impact on the

triggering algorithm used by the RefTek digital event recorders because they lacked any provision

for adequate high-pass filtering of the data stream used for event detection. Only local events

producing amplitudes much greater than the background long-period microseismic noise could be

consistently recorded. High-frequency local earthquake waveforms riding on top of the low-
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frequency microseisms were not consistently detected, resulting in reduced efficiency of data

collection.

Each of the RefTek digital event recorders at the dam operated independently of one other, and

from the regional seismic network. This had a further limitation on the efficiency of event

detection and recording because it prevented real-time correlation of triggers from the individual

stations in declaring an event trigger. Correlation of station triggers provides a powerful tool for

earthquake event detection in seismic networks. But correlation was not possible at the time of

recording, and hence numerous noise triggers were recorded because noise and seismic triggers

were not readily distinguished by the event recorders. The resulting low ratio of seismic triggers

to noise triggers required considerable post-processing efforts to retrieve usable data.

Because seismic noise levels tended to vary substantially between the seven sites due to

differences in proximity to highway traffic, wind and water noise, site conditions, etc., smaller

events would rarely trigger all event recorders simultaneously. Instead, only a subset of the digital

event recorders might trigger for any particular event. Operating seven separate GPS receivers for

each event recorder also proved to be less reliable because of intermittent temperature related

failures of some receivers. Trigger levels for the individual recorders were adjusted to capture the

greatest number of local events

Approximately 60,000 individual station triggers were obtained from the seven sites at the dam,

the vast majority being noise triggers unrelated to earthquakes. This volume of data required an

automated method for post processing. Post-processing of the individual station triggers initially

consisted of correlating similar trigger times, and combining the separate station triggers into an

event trigger if at least three of the seven stations had triggered. However, it soon became

apparent that most of these event triggers were also noise, albeit correlated between stations (e.g.,

from highway traffic). After thoroughly examining a subset of the digital event recorder triggers,

it appeared that most seismic triggers recorded at the dam resulted from local earthquakes that had

also been well-recorded by the regional seismic network. The seismic network was thus used to

establish specific time windows for seismic events for the remainder of data recorded by the event

recorders. Consequently, only triggers from stations at the dam which also correlated with the

origin times of local earthquakes as determined by the regional seismic network were considered.
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These potential triggers were reviewed by hand, and if confirmed to be seismic in origin, were

merged into the waveform data from the seismic network for further processing. This process

resulted in a data set consisting of about 270 local earthquakes with epicentral distance ranging

between 5 and 110 km, and magnitude ranging between 1.2 and 3.9.

5.1.3   Upgraded Data Recording System. Technology advances allowed for site

response data to be collected much more reliably and with far less effort needed for post-

processing. The 16-bit RefTek digital event recorders and stand-alone Guralp sensors were

replaced by 24-bit digital-output broadband seismometers (Guralp DM-24). Real-time continuous

digital data telemetry via frame relay was extended to the dam. The continuous data streams from

four seismometers at the dam (JLDW, JLD2, JLD3, and JLD5) were automatically merged into

the data streams for the regional seismic network data acquisition system. Common time

stamping was provided by a single GPS receiver located at the dam.

The upgraded instrumentation allowed for more reliable data collection because any earthquake

that triggered the regional seismic network would automatically trigger simultaneous data

recording from all the site-response sensors at the dam. Over the 8-month period that the

upgraded instrumentation collected data, about 150 local earthquakes were recorded, with

magnitude ranging between 1.0 and 3.6. This rate of data collection using the upgraded system

was thus about three times greater than obtained using the RefTek system. All data were recorded

on a common time base, and the seismic traces from the network stations were automatically

merged with the site response stations, which greatly reduced the time needed for routine analysis

tasks.

A final benefit of the improved system was to allow for long codas (> 90 seconds) to be recorded.

Post-trigger waveforms on the RefTek system were limited to 60 seconds to prevent overrunning

of the storage system from noise triggers. In contrast, the upgraded system allowed for improved

estimates of duration and spectral amplification by recording longer codas.

5.2  Observations

From 1996 through 1999, using the initial RefTek recording system, approximately 270 local

earthquakes were recorded by one or more site-response instruments. Of these earthquakes, just 6
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were simultaneously recorded by all seven instruments (Table 5-1). The upgraded recording

system was installed and became operational in October, 2000, and included four of the previous

seven sites (JLDW, JLD2, JLD3, and JLD5). Data was acquired more rapidly and reliably, with

150 events simultaneously recorded on all four instruments over the next eight months. In June,

2001, a minor equipment failure halted the flow of data from JLD2, JLD3, and JLD5, and it was

not possible to carry out the necessary repairs. However, data continued to be collected from

JLDW along with the regional seismic network until December, 2002, when all recording of the

seismic network ceased.

5.2.1   Waveform Data Results. From the velocity waveforms recorded by the site

response instruments, several characteristics of the weak-motion site response are apparent. Long

period ground motions (1.0 to 5.0 seconds) are amplified and prolonged on the north dike of the

dam, compared to bedrock motions on the right abutment. 

Figure 5-4A shows a typical waveform recorded by the upgraded instrumentation, and is from an

M 3.2 earthquake located near Driggs, Idaho (epicenter approximately 45 km west of the dam).

The uncorrected, unfiltered east-west velocity waveforms (95-second time window) for JLDW,

JLD2, JLD3 and JLD5 are shown in Figure 5-4A. Figure 5-4B shows the same data, but

bandpass-filtered between 0.2 and 1.0 Hz. In both the unfiltered and filtered data, JLDW and

JLD2 have similar waveforms, with some enrichment in high-frequency (> 1.0 Hz) ground

motions at JLD2 after the direct S-wave. In contrast, ground motions at JLD3 and JLD5 have

considerably more long-period (> 1 s) energy, with several phases arriving 40 seconds after the

direct S-wave that considerably extend the duration of shaking. While the amplitude of long-

period shaking for this event decreases by a factor of two within 10 seconds for the direct S-wave

Table 5-1: RefTek Data Collection Summary

RefTeks triggered simultaneously. Number of local earthquakes. 

7 6

6+ 14

5+ 65

4+ 136
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at JLDW and JLD2, it takes nearly 50 seconds for a similar decrease to be seen at JLD3 and

JLD5. 

Figure 5-4C shows the instrument-corrected Fourier amplitude spectrum of east-west

displacement for JLDW, and the spectral ratios (referenced to JLDW) for JLD2, JLD3, and JLD5.

The methodology is described in Section 5.2.2. Spectral ratios for JLD3 and JLD5 for this event

reach a value of about 5 at a frequency of 0.7 Hz; below 0.2 Hz, the ratios are near unity. The

spectral ratio for JLD2 does not exhibit a similar long-period peak; the ratio is near unity for

frequencies below about 1.0 Hz, and there are numerous peaks and valleys above 1.0 Hz.

Figure 5-5 shows another example, this time for an M 3.1 earthquake located 34 km southeast of

the Jackson Lake Dam in the Gros Ventre Range. This earthquake was recorded by the initial

Figure 5-4:  M 3.2 earthquake located near Driggs Idaho. Epicentral distance is 45 km. (A) Unfiltered, 
uncorrected velocity; (B) Bandpass filtered 0.2 – 1.0 Hz, uncorrected velocity; (C) Corrected Fourier 
amplitude spectrum of displacement (JLDW), and spectral ratios referenced to JLDW. Prolonged 
duration of shaking for frequencies less than 1.0 Hz is clear in (B). JLD2 has a spectral ratio near 
unity for f < 1Hz. JLD3 and JLD5 show pronounced amplification for f < 1Hz.
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Figure 5-5:  M 3.1 earthquake located 34 km southeast of the Jackson Lake Dam in the Gros Ventre 
Range.  (A) Unfiltered velocity waveforms; (B) Corrected Fourier amplitude spectrum of 
displacement (JLD2), and spectral ratios referenced to JLD2. Amplification of <1.0 Hz frequencies 
relative to JLD2 is readily seen in the unfiltered velocity traces.
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instrumentation (which relied on the RefTek digital event recorders), and has a shorter data

window (40 seconds) than the first example. While the low-pass filtered direct S-wave pulse has a

similar shape on JLDW, JLD2, JLD4 and JLD5, the waveforms are markedly dissimilar after the

first few seconds. The amplitude actually increases about 5 seconds after the direct S arrival at

JLD4 and JLD5, and large amplitude phases continue to appear up through the end of the data

window some 35 seconds later. The amplitudes of the band-pass filtered seismogram at JLD4 and

JLD5 are about a factor of 2 to 3 times greater than observed at JLDW or JLD2.

Prolonged duration of shaking is commonly attributed to basin response (e.g., Osborne and Taber,

2000), since a soil column by itself does not lead to appreciable increases in duration on soil sites

compared to rock sites (Bommer and Martinez-Pereira, 1999).

5.2.2   Spectral Ratio Method. We used the method of spectral ratios (Borcherdt, 1970;

Field et al., 1992; Field and Jacob, 1995) to evaluate weak motion site response. The Fourier

amplitude spectra of the S-wave and coda at seismometer sites on the dam were compared to

nearby reference sites. This method assumes that the earthquake source and propagation effects

are nearly the same for all sites. This assumption appears to be satisfied since the overall

dimension of the array is less than 2 km, while typical epicentral distances for the events analyzed

are 20 km or more, and the source dimension of the earthquakes was small. We calculated spectral

ratios separately for the vertical, north-south and east-west components of motion at each of the 6

sites on the dam (JLD2-7) referenced to the right abutment site JLDW. We also computed spectral

ratios using other selected subsets of stations and reference stations (e.g., JLD3-7 referenced to

JLD2, and JLD4-7 referenced to JLD3).

Fourier amplitude spectra for the direct-S and coda were calculated for each event using the

following procedure. First, each data trace was de-meaned and box-car windowed, starting about

1 second before the picked direct S arrival for that station. A time-domain Hanning (cosine) taper

was then applied to the initial and final 10% of the window (Bartlett, Parzan, and Blackmann-

Harris tapers were also tried but made little difference). The start time of the pre-S part of the

window was selected so that the taper reached a value of one by the time of the S arrival. The

mean was removed (again) from the tapered trace, zero-padded to the next power of two, and

Fourier transformed using an FFT. The amplitude and phase were further smoothed in the
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frequency domain by using a 3 to 25-point triangular window, depending on the length of the FFT.

The smoothed spectra were then corrected for instrument response, using calibration data

provided by the manufacturer, converted to displacement, and corrected for relative gain between

instruments.   The phase spectra were also unwrapped.

The response of the Guralp sensors used throughout this study was nominally flat to velocity

between 30 seconds and 50 Hz, and the data were sampled at 100 Hz, however, we have focused

on a 20-second to 20 Hz bandwidth for the spectral ratios to maintain good signal to noise ratios. 

Ratios of the smoothed spectra for specific events were computed using the following procedure.

First, if the window length of the reference trace differed from that of the comparison trace, a

further correction equal to the square-root of the ratio of the input data window lengths was

applied to the Fourier amplitude spectrum. Next, the ratios of the amplitude spectra were

computed, and logarithms taken. The difference between the unwrapped phases of the comparison

and reference station was also computed.

Mean spectral ratios were computed by taking the mean of the logarithms of the spectral ratios for

the selected events, with the vertical and two horizontal components treated separately.

We considered but did not implement the cross-spectral ratio method of Safak (1991; 1997) for

computing spectral ratios. There have been questions raised about the accuracy of the cross-

spectral approach because of signal-induced noise such as scattering (Field et al., 1992). While

those concerns were addressed by Safak (1997), the examples presented by Safak (1997)

comparing both methods indicate that differences between the two methods are likely less than

other sources of uncertainty. Thus, we have chosen to use the direct method of computing spectral

ratios. We also did not use the generalized inverse method of computing site response spectra

(Andrews, 1986) since it also appeared to offer minimal advantage over the direct spectral ratio

method (Field and Jacob, 1995).

5.2.3   Average Spectral Ratios. Station spectral ratios were obtained by averaging, for

each of the three components of motion, the single-event spectral ratios. Averages for the vertical

and two horizontal components of motion were determined separately for each station.
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Figure 5-6 shows the spectral ratios for the east-west and north-south components of motion for

the 29 events that were well recorded at JLDW through JLD7. The spectral ratios are referenced

to JLDW, and both individual and average station spectra are shown. It is apparent from Figure 5-

6 that stations JLD2-JLD7 are amplified by a factor of 2 to 5 at various frequency bands ranging

from 0.2 to 4.0 Hz, referenced to JLDW. For both the north-south and east-west components of

motion, there is a similar broad pattern of amplification. The site amplification observed at JLD2

differs from JLD3-7 in at least one important respect. At JLD2, the amplification is for

frequencies above 1.0 Hz, whereas at JLD3 through JLD7, the site amplification is for frequencies

above 0.2 Hz. Thus stations JLD3-7 show much more broadband amplification than does JLD2,

relative to JLDW.

The spectral ratios for JLD3-JLD7 at low frequencies (0.2 to 0.1 Hz) consistently show site

amplification of about a factor of 3 to 5, referenced to JLDW. In comparison, the spectral ratio for

JLD2 in this frequency range is approximately unity. Thus JLD2 has relatively little long-period

site amplification, with respect to JLDW, which is in contrast to the amplification observed at

JLD3-7.

JLD2 is located at station 13+00, about 15 feet (5 m) downstream from the toe of the north

embankment. The underlying soil column at JLD2 consists of a thin layer of fluviolacustrine fines

overlying gravels and Pliocene rocks. JLD2 is also located at the edge of the SMW zone

underlying the south half of the north dike. In contrast, at JLD3-7, the underlying soil column

consists of about a 100-ft (30 m) thick layer of poorly consolidated sands and gravels overlying a

200 to 400 ft (60 to 120 m) thick layer of fluviolacustrine fines. While JLD4 and 5 are also within

the SMW zone (see Figure 5-2), the pattern of long-period amplification persists, apparently the

result of a thicker column of lake deposits and a position further within the sedimentary basin.

Figure 5-7 shows the average spectral ratios for the east-west and north-south components of

motion at JLD2, JLD3 and JLD5, relative to JLDW, for 24 earthquakes recorded by the upgraded

instrumentation. The upgraded system allowed for consistently recording longer time windows at

24-bit resolution, and thus provided data recorded at the best fidelity, although at a smaller

number of locations. The same pattern of long-period amplification at JLD3 and JLD5 (with little
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Figure 5-6:  Spectral ratios relative to JLDW for 29 earthquakes recorded by the RefTek instrumentation 
initially deployed at seven sites (JLDW through JLD7). Solid line indicates average of individual 
spectral ratios; dashed lines are spectra from individual events. At low frequencies (f < 1 Hz), the 
observed spectral ratios are consistent between earthquakes, which occur at several different 
azimuths. The east-west and north-south spectral ratios are also similar for each sensor location. 
JLD3 through JLD7 exhibit a consistent pattern of low-frequency (0.3 to 1.0 Hz) amplification, with 
a spectral peak at about 0.8 Hz.

(Rel to JLDW)

(Rel to JLDW)
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Figure 5-7:  Spectral ratios relative to JLDW for 24 earthquakes recorded by the upgraded 
instrumentation deployed at sites JLDW, JLD2, JLD3, and JLD5. The upgraded 
instrumentation allowed data to be recorded with a wider dynamic range and spectral 
resolution than could be achieved with the RefTek instrumentation. Solid line indicates 
average of individual spectral ratios; dashed lines are spectra from individual events. At low 
frequencies (f < 1 Hz), spectral ratios are consistent between earthquakes, which occur over a 
range of azimuths and epicentral distances. As with the RefTek data, JLD3 and JLD5 exhibit 
low frequency amplification with respect to JLDW, whereas JLD2 does not.
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or no long-period amplification at JLD2), that was seen in the earlier data is also readily apparent

in the data collected by the upgraded instrumentation.

Average spectral ratios may also be used to compare the response of the five stations on the north

dike (JLD3-7) that overly a 300-500 ft (90-150 m) thick column of fluviolacustrine deposits

(Figure 5-1). Figure 5-8A shows spectral ratios at JLD4 through JLD7, referenced to JLD3, for

the east-west component of motion. Figure 5-8B shows corresponding spectra for the north-south

component of motion.

JLD3, JLD4 and JLD5 form a 177-ft (54 m) linear profile perpendicular to the north dike

embankment at station 24+00 (see Figure 5-2). JLD3 is located 95 feet from the downstream edge

of the north dike embankment, outside of the zone of dynamic compaction, and in other

circumstances would be chosen as our “reference” soil site. JLD4 is 93 feet from JLD3, at the

edge of the embankment, and overlies the downstream soil mix wall. JLD5 is 84 feet from JLD4

(177 feet from JLD3), and is at the crest of the embankment. The spectral ratios for JLD4

referenced to JLD3 show de-amplification for frequencies above 1 Hz; below 1 Hz, the spectral

ratio is near unity. A similar pattern is seen for JLD5 referenced to JLD3, although the de-

amplification above 1 Hz is less pronounced. The strongest de-amplification relative to JLD3 is

seen at JLD4, which is consistent with the higher seismic velocities of the treated foundation (soil

mix wall and dynamic compaction). A more limited de-amplification at JLD5 is consistent with

the higher seismic velocities in the embankment and in the underlying dynamically compacted

foundation, relative to JLD3, and the amplification typically observed at the crest of dams relative

to the toe due to simple geometric focusing. However, at longer periods (>1 second), the response

is similar at all three sites (JLD3, 4 and 5).

JLD6 is 20 feet (6 m) outside of the zone of dynamic compaction, and 57 feet (17 m) from the

downstream edge of the embankment at station 30+95. The soil mix walls do not extend this far

north, stopping at about station 29+00. JLD7 is 5 feet from the downstream edge of the

embankment at station 52+00, and is located about 10 feet outside of the zone of dynamic

compaction. Relative to JLD3, there is some long-period amplification at JLD6, and alternating

amplification and de-amplification at frequencies above 1 Hz. JLD7 shows even greater long-
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Figure 5-8:  Spectral ratios relative to JLD3 for 29 earthquakes recorded by the initial deployment 
of RefTek instruments. Solid line indicates the average of individual spectral ratios. JLD4 and 
JLD5 exhibit a de-amplification effect relative to JLD3 for frequencies between about 1 and 
10 Hz, which is consistent with the higher velocities achieved through foundation treatment 
(dynamic compaction and the Soil Mix Wall). Below 1 Hz, little meaningful difference is 
seen; each of stations JLD3, JLD4 JLD5 are amplified relative to JLDW.
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period amplification than JLD6, relative to JLD3. This pattern is consistent with a deepening soil

column at JLD6 and JLD7 relative to JLD3 (Figure 5-1).

Average spectral ratios relative to JLDW for all data recorded by the RefTek instrumentation are

shown in Figure 5-9 and Figure 5-10. Stations JLD3 through JLD7 consistently show a spectral

ratio amplification in the frequency range of 0.2 to 1.0 Hz, referenced to JLDW. In contrast, JLD2

shows no such long-period amplification.

There is a considerable difference in site amplification observed between JLD2 and JLD3-5,

which are located about 1100 ft (340 m) apart, along the axis of the north dike. This difference has

the potential to lead to significant axial strains between these two points. The magnitude of the

strain will depend on the sharpness of the transition. From JLD3-5 to JLD7, which are 2800 ft

(850 m) apart, there is relatively little difference in site response; long-period amplification is

observed even though the soil column is deepening. JLD6, midway between JLD3-5 and JLD7,

shows the same pattern. Thus there appears to be a point between JLD2 and JLD3-5 at which a

sharp rather than gradual transition to long-period amplification may take place. It is not clear

from the site-response data where the precise position of this transition is located, however shear

wave profiles (Figure 5-3) suggest the transition may be closer to station 14+00.

5.3  Weak-Motion Impulse Response Functions

The previous sections provide a qualitative description of the observed weak-motion site response

at Jackson Lake Dam. Key observations are the presence of substantial long-period amplification

and prolonged duration of shaking beyond some transition point located between JLD2 and

JLD3-5; minimal long-period amplification at JLD2 referenced to JLDW; and, high-frequency

de-amplification at JLD4 and JLD5 referenced to JLD3.

To apply these findings to simulations of strong ground shaking from the Teton Fault, we have

generated weak-motion site impulse response functions at stations 13+00 (JLD2) and 24+00

(JLD3) that are based on the observed average amplitude spectral ratio and the relative phase for

average or specific earthquakes. For the amplitude part of the impulse response, we use the

average spectral ratios described in the previous section (Figure 5-10). For the phase response, we

selected several representative events and extracted the single-event relative phase response (the
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Figure 5-9:  Average spectral ratios relative to JLDW for 29 earthquakes recorded by the initial 
deployment of RefTek instruments.
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Figure 5-10:  Average spectral ratios relative to JLDW for 29 earthquakes recorded by the 
upgraded instrumentation deployed at stations JLDW, JLD2, JLD3 and JLD5. JLD3 (station 
24+00) exhibits broadband (0.2 to 10 Hz) amplification relative to the bedrock reference site 
JLDW, with the greatest amplification occurring in the 0.3 to 1.0 Hz range. JLD2 exhibits 
limited amplification between 1 and 4 Hz relative to JLDW, but the low-frequency (< 1.0 Hz) 
spectral ratio is near unity. The spectral ratio estimates from this data set are preferred over 
those obtained using the RefTek instrumentation because of the greater recording fidelity 
achieved. These spectral ratio estimates are therefore assumed to best characterize weak-
motion site response on the north dike from the available data set.
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difference in phase between JLDW and JLD2 or JLD3), and also the average relative phase

response. The generated weak-motion impulse response functions are neither causal nor

minimum phase.

For this study, the relative phase spectrum is used primarily as a means to generate a suitable

weak-motion impulse response function, and little physical meaning is attached. Given the 1000-

ft (300 m) separation between JLDW and JLD2, and the 2400-ft (730 m) separation between

JLDW and JLD3, the observed waveforms are expected to exhibit little coherency at high

frequencies. The only correction made for propagation delay for phases traveling between the two

stations was to line up the time windows on the picked S-wave arrival time at each site. Because

the relative phases exhibit a common trend only for the lowest frequencies, we did not attach

much significance to the average of the phase responses from multiple events. The average phase

response tended towards an arbitrary value for frequencies greater than about 1 Hz, which results

in a tendency to compress the impulse response function in time (with corresponding

magnification of amplitude). This effect is greater at JLD3, where substantial low-frequency

energy arrives in later phases, than at JLD2.

5.3.1   Impulse Response Functions for JLD2 and JLD3. Figure 5-11A shows the

unwrapped relative phase spectra for seven selected events recorded at JLD2, as well as the

average relative phase spectrum for all 24 events used to compute the amplitude spectral ratio.

Figure 5-11B shows the corresponding impulse response functions generated by using the average

phase, and several of the single-event phases. The impulse response function using the average

phase is more compressed in time than if single-event phases are used.

By construction, the amplitude spectral content of the impulse response functions exactly matches

the observed spectral ratios; only the phase is variable. In choosing a specific relative phase

spectra to develop impulse response functions, our goal is to produce qualitative agreement with

the characteristics observed in the weak-motion data. For JLD2, the average phase provides a

slight amplification and minimal prolonging of duration, which is observed in the weak-motion

waveforms. Figure 5-12 shows the result of convolving the average and single-event impulse

response functions with the Tabas E-W record (discussed in Section 6.6). For acceleration, each

of the impulse functions reproduces the slight amplification observed in the weak-motion data,
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Figure 5-11:  (A) Unwrapped phase at JLD2 relative to JLDW for 7 representative earthquakes.  (B) 
Impulse response functions constructed from the average spectral ratio, and from individual or average 
relative phases. The non-causal part of the response is indicated by points prior to 81.92 seconds.
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Figure 5-12:  Tabas E-W acceleration and velocity waveforms (solid lines) convolved with several 
realizations of the JLD2 weak-motion impulse response functions (dashed lines). For acceleration, 
each of the impulse functions reproduces the slight amplification observed in the weak-motion data, 
with minimal prolonging of duration. In contrast, the single-event impulse-response functions tend to 
slightly increase the duration of the velocity waveform. The impulse response function based on the 
average phase is therefore selected for JLD2
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with minimal prolonging of duration. In contrast, the single-event impulse-response functions

tend to slightly increase the duration of the velocity waveform. We have therefore selected the

impulse response function determined from the average relative phase spectra to best represent

JLD2.

The main characteristics observed in the site response data for JLD3 are amplification and

prolonging of durations for frequencies between 0.2 and 1 Hz. Figure 5-13A shows the

unwrapped relative phase spectra for the same set of seven events, but recorded at JLD3. Figure

5-13B shows the corresponding impulse response functions generated by using the average phase

and three single-event phases. Again, our goal is to select a phase that produces the best

qualitative agreement with the observed weak motion data. For JLD3, the resulting impulse

response function needs to amplify and extended the duration of the low-frequency components

of the convolved input waveform. For JLD3, the average phase produces an impulse response

function that is too compressed in time relative to those determined for the single-event phases,

and relative to the observed data. The relative phase spectrum from the earthquake labeled “Evt

14” appears to provide better qualitative agreement with the observed weak motion data. Figure

5-14 shows the result of convolving the average and single-event impulse response functions

determined for JLD3 with the Tabas E-W record. For acceleration, the average phase produces the

strongest amplification but little prolonging of duration. In contrast, the single-event impulse-

response function for Evt-14 produced the greatest increase in the duration of the velocity

waveform.   The relative phase spectrum for this event is labeled on Figure 5-13, and is seen to

have the greatest delay of the phases considered. We have therefore selected the impulse response

function determined from the relative phase spectra from Event 14 to best represent JLD3.

5.3.2   Bedrock Motions with Weak-Motion Site Response Included.  Figure 5-15

shows the result of convolving selected design bedrock ground motions with the weak-motion

impulse response function for JLD2. The three bedrock motions (described in Chapter 6)

represent a range of realizations for the Teton Fault design ground motions. As with the observed

weak-motion data, the ground motions convolved with the JLD2 site response have essentially the

same duration as the input motions, and exhibit only minor high-frequency amplification.
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Figure 5-13:  (A) Unwrapped phase at JLD3 relative to JLDW for 7 representative earthquakes. (B) 
Impulse response functions constructed from the average spectral ratio, and from individual or average 
relative phases. The non-causal part of the response is indicated by points prior to 81.92 seconds.
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Figure 5-14:  Tabas E-W acceleration and velocity waveforms (solid) convolved with several realizations 
of the JLD3 weak-motion impulse response functions (dashed). As discussed in the text, the impulse 
response constructed from the average of the relative phase spectra underpredicts duration and 
overpredicts amplification. The impulse response function obtained from the relative phase spectrum 
for Event 14 provides better agreement with the prolonged durations observed in the weak-motion data
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The ground motion simulations for JLD2 shown in Figure 5-15 are intended to be used as design

ground motions at stations 12+00 and less. Significant non-linear behavior of the soils at JLD2 is

not expected. The underlying soil column consists of glacial drift, gravels, tuffs and ash which

have much higher shear wave velocities than are seen in the fluviolacustrine sands and gravels

further out on the north dike. The observed weak-motion response at JLD2 is very similar to the

bedrock reference site JLDW. Thus the simulations presented in Figure 5-15 can be used for

design loadings at stations 12+00 and less, including the concrete section and south dike.

Figure 5-15:  Bedrock input motions (solid lines), and bedrock motions convolved with JLD2 weak-
motion response (dotted lines). Because the soil column underlying JLD2 appears to consist mostly of 
glacial drift and gravels, has reasonably high shear wave velocities, and has a low-frequency response 
that is not amplified relative to the bedrock reference site JLDW, a substantial nonlinear response to 
strong shaking is not expected. The bedrock motions convolved with the JLD2 site response should be 
used for design loadings at stations 13+00 and less.
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Figure 5-16 shows the result of convolving the selected design bedrock motions with the JLD3

weak-motion site response. Velocity waveforms are shown. As expected, the convolved ground

motions reproduce the longer durations observed in the weak motion data (though the amount

depends on the input motion). By construction, the Fourier amplitude spectra of the convolved

motions are simply the product of the input motion amplitude spectra and the average spectral

ratio for JLD3 relative to JLDW. While the convolved waveforms shown on Figure 5-16

reproduce the observed effect of prolonged durations, the full non-linear site response needed for

engineering analysis is not included.

Figure 5-16:  Bedrock input motions (solid lines), and bedrock motions convolved with JLD3 weak-
motion response (dotted lines). The weak-motion response does not include the non-linear soil 
response expected during strong ground shaking
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When subjected to strong ground motions, the soils at station 24+00 (JLD3) are expected to

behave non-linearly. Poorly consolidated, potentially liquefiable fluviolacustrine sands and

gravels with shear velocities as low as 300 ft/s (100 m/s) underlie much of the north dike. The

bedrock motions convolved with the JLD3 weak-motion response do not account for non-linear

soil behavior, which must be accounted for separately. The observed site response at JLD3 is

consistent with the 2-D and 3-D response of a sedimentary basin, and likely results from the

generation of surface waves, converted phases, and interface waves. These effects are not

accounted for by 1-D models. However, available computer codes for estimating non-linear soil

behavior are based on propagating an incident body wave (typically a horizontally polarized S

wave) through a 1-D soil column. In order to permit use of 1-D non-linear soil response computer

codes, while preserving the observed 2-D and 3-D effects of prolonged duration and long-period

amplification, we will modify (in subsequent sections) the weak-motion impulse response for

JLD3 to approximately account for the linear response of the soil column from a reference depth,

and the free surface effect. The modified impulse response is then convolved with the simulated

bedrock motions and input to the non-linear soil response codes at the selected reference depth.

There is considerable uncertainty in this method because the reduction of the convolved surface

motions to a reference depth cannot accurately account for the depth dependency of surface

waves and converted phases.

As discussed in section 5.2, we don’t know the precise location of the transition in site response

observed between stations 13+00 (JLD2) and 24+00 (JLD3-5). Based on drilling and geophysical

logging, we would expect the transition to be near 14+00, although this is not certain. Thus

engineering analyses for stations at 14+00 or greater should use the JLD3 response, and stations

less than 14+00 should use the JLD2 response.

We have constructed velocity and acceleration response spectra for each of the selected bedrock

motions and for the motions convolved with the weak motion site response. These provide a

further indication of the effects of the weak motion site response. Figure 5-17 shows the bedrock

input motions convolved with the JLD2 site response. Absolute acceleration response spectra are

provided. These response spectra for JLD2 may be used for engineering analyses at stations

13+00 or less, including the concrete interface structure, spillway and bridge.
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Figure 5-17:   Bedrock input motions (left), and motions convolved with JLD2 weak-motion site response 
(right). Three bedrock motions (described in Chapter 6) representing a range of realizations for the 
Teton Fault design ground motions are shown: N-mean, N-84, and Tabas-E/W.   Absolute acceleration 
response spectra for 5% damping are shown below each time history. The bedrock motions convolved 
with the weak motion JLD2 site response may be used for design loadings at stations 13+00 or less. A 
substantial non-linear response to strong shaking is not expected at these locations
157 Report 2003-2



June 13, 2003 FINAL REPORT
Figure 5-18 shows pseudo-relative velocity response spectra for the bedrock motions convolved

with the JLD3 site response. These response spectra are applicable at stations 14+00 and greater.

However, because the convolved motions at JLD3 shown in Figure 5-18 do not include non-linear

soil effects, these motions must be further modified to include non-linear soil behavior before

they can be used in engineering analyses. This is done in the following sections.

5.4  2D Finite-Difference Site Response Modeling

Borehole recordings of ground motions in the soil section of Jackson Lake Dam are not available.

Consequently, it is necessary to infer the properties of subsurface ground motions using

theoretical methods with available geophysical information about the site conditions. The

geological and geophysical data provide important information about the variation of materials

and seismic velocities along the axis of the dam. However, very little information is available

about the geometry and geophysical properties of soils upstream, downstream, and north of

Jackson Lake Dam. Since information about the 3D geometry and velocity of the glacial scour

basin is not available, 2D finite-difference methods are used to obtain a physical understanding of

the likely composition of seismic waves that produce the amplification and prolonged durations

observed at JLD3-7. The goal is to obtain sufficient understanding of wave propagation in the

very-low-velocity soils to construct realistic input ground motion scenarios at sufficient depth to

allow calculation of nonlinear soil responses using 1D approximations.

5.4.1   Previous Work. Lomnitz et al. (1999) provided theoretical evidence and ground

motion recordings from Mexico City that showed that long duration monochromatic ground

motions may be produced in basins that have low shear-wave velocities (0.1 to 0.2 km/s) and

saturated sediments. However, Lomnitz et al. (1999) did not calculate synthetic seismograms to

demonstrate the physical existence of their postulated PR mode. O’Connell and Ake (2003)

performed 2D finite difference investigations of the existence of Lomnitz et al.’s (1999) PR mode

and their results are reproduced here since the PR mode may be one way to explain the observed

long duration soil ground motions described in Section 5.2 To test the ability of such a long

duration mode to persist in a basin with strong intrinsic attenuation, a model of a small (0.3 km

wide and 0.1 km deep), glacial scour is embedded in a 2D model with slightly higher shallow

velocities outside the basin and higher velocities at depth (Figure 5-19a). Values of Q=10 were
Jackson Lake Dam 158
Ground Motion Evaluation



FINAL REPORT June 13, 2003
Figure 5-18:  Bedrock input motions (left), and motions convolved with JLD3 weak-motion site response 
(right). Three bedrock motions (described in Chapter 6) representing a range of realizations for the 
Teton Fault design ground motions are shown: N-mean, N-84, and Tabas-E/W.   Pseudo-relative 
velocity response spectra at 5% damping are shown below each time history. The bedrock motions 
convolved with the weak motion JLD3 site are intended to be used at stations 14+00 and greater with a 
suitable correction for non-linear soil response. A substantial non-linear response to strong shaking is 
expected at these locations, and the weak-motion surface response provided here must be corrected for 
input to the base of the soil column. That correction is provided in subsequent sections
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used to simulate high-intrinsic attenuation in the near-surface, low-velocity materials.

Compressional wave velocities were set to water velocities for the lowest velocity materials. The

2D version of the elastic finite-difference program E3D (Larsen and Grieger, 1998), which

includes viscoelastic capabilities implemented using the approach of Robertsson et al. (1994),

was used to calculate the seismic response of a SV plane-wave incident at 5° from vertical upon

the basin with a total moment of 1020 dyne-cm. The numerical model was 8 km long and 5 km

deep with attenuating boundaries to minimize spurious internal reflections. The source-time

function was a differentiated 0.75 s-duration Gaussian pulse. The incident horizontal velocity

response is shown at the bottom of Figure 5-19b. 

Constructive interference at the center of the basin produces maximum amplitudes that persist for

~7 s and a slow amplitude decay lasting about 20 s (Figure 5-19b). Sites offset from the center of

the basin experienced long-duration monochromatic horizontal motions with slowly decaying

amplitudes that persisted to the maximum calculation time of 60 s. The long duration response are

produced by the interface modes propagating horizontally back and forth across the basin as they

reflect off the vertical boundaries at the basin edges (Figure 5-19c). Ground motion responses

similar to the top time history in Figure 5-19b were observed for earthquakes recorded by stations

JLD3, JLD4, JLD5, JLD6, and JLD7 (Figures 5-4 and 5-5). The simulation shows that this mode

can persist for long durations with little effective attenuation of the mode, even though intrinsic S-

wave attenuation is high. However, the schematic velocity model has limited applicability to

Jackson Lake Dam. Consequently, a velocity model more consistent with the geophysical and

geological data from Jackson Lake Dam is used in the next section to simulate responses in the

low-velocity glacial scour. 

5.4.2   Site-Specific Model. The available information about the variations of velocities in

the glacial scour and the overall geometry of the glacial scour are limited. The southern extent of

the glacial scour low-velocity basin is well constrained by geophysical and geological

information. The drill logs provide good constraints on the depth to the ~1 km/s till from the south

end of the glacial scour to the northern end of the embankment. In contrast the northern limit of

the glacial scour low-velocity basin is unknown. The northernmost and deepest drill log indicates

that the glacial scour basin is still deepening at the northern end of the embankment. A velocity
Jackson Lake Dam 160
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Figure 5-19:  Simulation of Lomnitz et al.’s (1999) soil response. (a) Color-coded 2D material model. 
Thick line shows the incident SV plane wave. (b) Incident waveform at a depth of 0.5 km modified by 
internal reverberations is shown at the bottom, with two surface waveforms from sites located within 
the basin as labeled shown above. (c) Color-coded horizontal velocity time histories for surface sites 
located at distances from 3.7 km to 4.7 km.
161 Report 2003-2



June 13, 2003 FINAL REPORT
model was constructed to produce a glacial scour basin at least as wide as permitted by the

available observations (Figure 5-20); the actual glacial scour low-velocity basin may be

significantly wider. 

The lateral continuity of velocity discontinuities within the soils of the glacial scour are unknown.

The approach used here was to minimize strong velocity discontinuities in depth to the two

sharpest first-order velocity discontinuities (~27 m depth) and the interface with the underlying

~1 km/s S-wave-velocity till, and to use smooth velocity gradients for all other velocity changes

(Figure 5-21). The premise is that if even this overly smooth velocity model produces long

durations, it would be straightforward to identify the origins and characteristics of long duration

waves. Since weak-motion attenuation of the soils may be very large, Qs was set to 5 at the

surface and increased with S-wave velocity as show in Figure 5-22. The same 2D finite-difference

approach used in Section 5.4.1 was used to model glacial scour responses at the surface and at

depths of 0.1, 0.2, 0.3, 0.4, and 0.5 km as shown in Figure 5-20. A plane SV-wave inclined 5°

from vertical incidence was input into the 2D finite-difference calculation as shown in Figure 5-

20. The model was 8 km long and 5 km deep to minimize boundary reflections, the only

significant boundary reflection is the primary reflection off the bottom of the model that produces

a small S-wave arrival about 6 s following the first S-wave arrival. Since LVB-edge S-waves from

the large-scale LVB are nearly ubiquitous at the dam, this reflected S-wave provides a somewhat

more realistic input scenario than a single plane SV wave. The grid interval of 5 m and minimum

S-wave velocity of 0.1 km/s limit the maximum frequency in the analysis to 4 Hz. The same time-

differentiated Gaussian pulse used in Section 5.4.1 was used here.

The horizontal acceleration surface responses in Figure 5-23 show extended durations and

amplification for sites located in the low-velocity glacial scour. The edge of the basin at 3 km

produce the largest basin-edge wave amplitudes because the SV plane wave is incident toward the

basin at 3 km. The dashed blue line shows that the early portion of the basin-edge waves are

composed of S-waves with apparent velocities of ~0.2 km/s refracted below 25 m depth, followed

by Rayleigh waves that end with a large-amplitude, broadband Airy phase (red dashed line is

located at the end of the Airy phase at an apparent velocity of ~0.09 km/s, the minimum Rayleigh

velocity for a surface velocity of 0.1 km/s). Within about 1 km of the basin-edge at 3 km, the
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Figure 5-21:  1D S-wave velocity profile from the middle of the 2D glacial scour basin.The origin of 
different wave types is indicated schematically with depth; Fundamental Rayleigh waves in the top 25 
m with associated large-amplitude Airy phase, Stonely waves radiated up and down from the velocity 
discontinuity at 25 m, and S-wave refracted by the velocity gradients below 25 m.
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Figure 5-23:  Horizontal 2D finite-difference acceleration record section z = 0 m. Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. Primary S-wave multiple is the dashed green line.
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refracted S-wave has the largest amplitude. For distances > 4.4 km the low near-surface Qs

properties and amplitude reduction past the S-wave triplication, leave the surface waves with the

largest accelerations for the basin positions > 4.4 km (Figure 5-23). The fundamental mode

Rayleigh Airy phase has the largest amplitudes at the far side of the basin, as surface wave

amplitudes decay more slowly with distance. The basin edge waves contain substantial

acceleration responses in the 1-4 Hz frequency range, as is expected for the S-waves, but the

Rayleigh waves also have strong amplitudes in this frequency range. Figure 5-23 indicates that

the portions of the southern glacial scour boundaries within several km of the dam are likely to

produce substantial short-period acceleration responses along the embankment portion of the

dam.

Figure 5-24 shows that horizontal acceleration durations decrease only slightly at 10 m depth and

accelerations mostly decrease by about a factor of two, consistent with removing the free-surface

effect. The refracted basin-edge S-waves are less attenuated since they don’t have to propagate

through as much shallow low Qs material. Also, as depth increases the multiple reflections from

high-velocity basal till become less attenuated (compare Figures 5-23 to 5-24) because Qs

increases with depth in the model. The Stonely wave arrival is the dominant later arrival after the

multiple S-wave reflections for depths of 20 m (Figure 5-25) and 30 m (Figure 5-26) because

these depths are closest to the velocity discontinuity at 25 m where the Stonely waves propagate

with velocities of ~0.9 * Vs of the lowest velocity side of the interface. At depths of 40 m (Figure

5-27) and 50 m (Figure 5-28), the refracted S-waves and Stonely waves have comparable

amplitudes (Figures 5-27 and 5-28), but the S-waves tend to retain higher frequencies,

particularly closer to the basin margins, which are the secondary sources of these extended

duration phases. It is clear that down to a depth of 50 m, the horizontal acceleration durations are

not significantly less than the surface durations. In fact basin-edge refracted S-waves retain higher

frequency acceleration responses relative to surface sites because deeper refracted S-waves are

not subjected to the lowest Qs regions near the surface. Figures 5-23 to 5-28 demonstrate that it is

necessary to use the observed durations at the surface stations, like JLD3, at depth to provide

realistic duration input motions for nonlinear analyses of the soil responses. This is necessary

because the 1D SH-propagator nonlinear codes SHAKE and NOAH will not generate the strong-

amplitude S-waves or Stonely waves produced at the basin margins. Since the Stonely waves are
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Figure 5-24:  Horizontal 2D finite-difference acceleration record section z = 10 m. See Figure 5-22 for 
distance reference. Dashed red line shows the end of the basin-edge Airy phase. Dashed blue lines 
show the refracted basin-edge S-waves and surface waves, and their reflection back across the basin 
from the far edge. Primary S-wave multiple reflection from the ~1 km/s till is the dashed green line. 
The dashed magenta line shows the Stonely wave from the velocity discontinuity at 25 m depth.
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Figure 5-25:  Horizontal 2D finite-difference acceleration record section z = 20 m. See Figure 5-22 for 
distance reference. Dashed red line shows the end of the basin-edge Airy phase. Dashed blue lines 
show the refracted basin-edge S-waves and surface waves, and their reflection back across the basin 
from the far edge. The dashed magenta line shows the Stonely wave from the velocity discontinuity at 
25 m depth.
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Figure 5-26:  Horizontal 2D finite-difference acceleration record section z = 30 m. See Figure 5-22 for 
distance reference. Dashed red line shows the end of the basin-edge Airy phase. Dashed blue lines 
show the refracted basin-edge S-waves and surface waves, and their reflection back across the basin 
from the far edge. The dashed magenta line shows the Stonely wave from the velocity discontinuity at 
25 m depth.
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Figure 5-27:  Horizontal 2D finite-difference acceleration record section z = 40 m. See Figure 5-22 for 
distance reference. Dashed red line shows the end of the basin-edge Airy phase. Dashed blue lines 
show the refracted basin-edge S-waves and surface waves, and their reflection back across the basin 
from the far edge. The dashed magenta line shows the Stonely wave from the velocity discontinuity at 
25 m depth.
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Figure 5-28:  Horizontal 2D finite-difference acceleration record section z = 50 m. See Figure 5-22 for 
distance reference. Dashed red line shows the end of the basin-edge Airy phase. Dashed blue lines 
show the refracted basin-edge S-waves and surface waves, and their reflection back across the basin 
from the far edge. The dashed magenta line shows the Stonely wave from the velocity discontinuity at 
25 m depth.
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elliptically polarized, horizontal propagating, they are least compatible with the SH body wave

assumptions of SHAKE and NOAH.

Vertical component synthetic acceleration record sections compliment the horizontal component

record sections in Figures 5-23 to 5-28 because the vertical motions show predominantly interface

waves. Thus, the vertical component synthetic data provide a natural visual means to distinguish

the S-wave arrivals from the interface waves. The largest vertical accelerations observed at any

position in the model are normalized to a value of 10; the absolute vertical accelerations are much

smaller than the horizontal accelerations given the steep incidence angle of the SV plane wave.

Figure 5-29 shows that the arrivals following the refracted SV-waves (which are very weak on the

vertical component) are associated with the Stonely wave produced at ~25 m depth and strong

Airy phases associated with the fundamental model Rayleigh waves produced at the basin

margins. The Airy phase associated with the Rayleigh wave is also the strongest arrival at depths

of 10 m (Figure 5-30) and 20 m (Figure 5-31), but the Stonely wave becomes the strongest arrival

at a depth of 30 m (Figure 5-32). The Stonely wave train produces the largest vertical

accelerations at depths of 40 m (Figure 5-33) and 50 m (Figure 5-34). The largest vertical

accelerations occur at 10 m and 20 m depth (Figures 5-30 and 5-31) and are associated with the

Rayleigh Airy phase. Vertical accelerations at all depths extending to 50 m are larger than surface

vertical accelerations, indicating the dominance of the horizontal propagating interface modes on

vertical accelerations. 

The 2D synthetic seismograms show that the extended durations observed at the surface are likely

associated with a mixture of refracted S-waves, and horizontally propagating surface and

interface waves. For shallow depths of 0 m to 20 m the largest accelerations after the near-vertical

incidence S-wave directed and reflected arrivals consist of a mixture of refracted S-waves and

broadband Rayleigh wave Airy phases. For depths of 30 m and larger, the largest accelerations

after the near-vertical incidence S-wave directed and reflected arrivals are associated with

refracted S-waves for the portion of the dam located within 1.5 km of the southern glacial scour.

At distances > 1.5 km from the glacial scour boundary the Stonely wave produces the largest

accelerations for depths of 30 m and larger. The influence of soil nonlinearity on the amplitudes of

these interface waves is unknown, although the continued existence of the free surface and
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Figure 5-29:  Vertical 2D finite-difference acceleration record section z = 0 m.Distances are as shown in 
Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all sites 
in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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Figure 5-30:  Vertical 2D finite-difference acceleration record section z = 10 m.Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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Figure 5-31:  Vertical 2D finite-difference acceleration record section z = 20 m.Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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Figure 5-32:  Vertical 2D finite-difference acceleration record section z = 30 m.Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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Figure 5-33:  Vertical 2D finite-difference acceleration record section z = 40 m.Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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Figure 5-34:  Vertical 2D finite-difference acceleration record section z = 50 m.Distances are as shown 
in Figure 5-22. Peak amplitudes are labels on the right normalized to a maximum value of 10 for all 
sites in the model. Low-velocity glacial scour sites are between the arrows on the left. Dashed red line 
shows the end of the basin-edge Airy phase. Dashed blue line is the basin-edge refracted S-wave. 
Dashed magenta line is the Stonely wave. 
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internal velocity discontinuities during modulus degradation suggests that these phases will

persist as soils respond nonlinearly. Since a significant amount of energy is propagating

horizontally at depths of up to 50 m (Figures 5-23 To 5-28), it is necessary to account for this

significant seismic energy in 1D vertical-incident SH nonlinear simulations of nonlinear soil

effects, since these codes will not simulate the production of these observed phases.

Consequently, it is necessary to include the extended durations in the 1D nonlinear inputs to

account for observed, broadband, strong-amplitude extended soil response durations, as discussed

in Section 6. 

The 2D synthetic seismograms show that there is a critical distance range from the southern

margin of the glacial scour where peak horizontal acceleration responses are likely to be amplified

relative to most of the embankment section of the dam. This amplification is associated with the

constructive interference of the scour basin-edge interface waves, particularly the broadband Airy

phases, but also the Stonely wave, with the direct, reflected, and basin-edge refracted S-waves.

The critical distance of maximum amplification is a function of the sediment velocities, which

limited geophysical measurements (Sirles, 1986) show vary vertically and laterally from near the

southern glacial scour margin and the borehole located between stations JLD3 and JLD6. There

are no geophysical velocity measurements or ground motion recordings between stations JLD2

(modest amplification) and station JLD3 (strong amplification). Although the 2D velocity model

does not contain all the complex features of the glacial scour geometry inferred in Section 2, the

2D finite-difference synthetic results indicate that it is likely that amplifications stronger than

those measured at stations JLD3 and JL6 probably occur somewhere between stations JLD2 and

JLD3 (along the tallest portion of the embankment section of the dam). Due to the lack of

sediment velocity information between stations JLD2 and JLD3, it is not possible to indicate the

position or magnitude of the additional amplification relative to station JLD3. It is important to

understand that the amplification responses at JLD3 are unlikely to represent the maximum

amplification along the embankment portion of the dam between stations JLD2 and JLD3.

The glacial scour S-wave velocity structure at the dam is very similar to the Valley of Mexico in

Mexico City (Bodin et al., 1997), except that low-velocities extend ~20 m deeper at Jackson Lake

Dam. In the Valley of Mexico, monochromatic, large-amplitude ground motions have durations of
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~250 s for M > 6.5 seismic sources located > 200 km from the site (Lomnitz et al., 1999). In

contrast, the closest portion of the Teton fault is located ~10 km from Jackson Lake Dam.

However, the Valley of Mexico is probably significantly longer and wider than the glacial scour

basin at Jackson Lake Dam, although the total extent of the glacial scour basin north of the dam is

unknown. Consequently, it is likely that the durations in the central portion of the Valley of

Mexico would be somewhat longer than at Jackson Lake Dam because the propagation times

from the edges of the very-low-velocity basin to the basin interior would be longer. 

While the shallowest ~20 m of sediments at Jackson Lake Dam have S-wave velocities very

similar to the Valley of Mexico of 80-100 m/s, the compositions of the shallowest sediments

differ. The shallowest sediments in the Valley of Mexico consist almost entirely of lacustrine mud

(Lomnitz et al., 1999), but the shallowest sediments at Jackson Lake Dam consist of

predominantly fluvial units near the surface grading toward dominantly lacustrine sediments at >

20 m depth (Section 2). Consequently, the shallow sediments at Jackson Lake Dam may respond

somewhat differently than the shallow sediments in the Valley of Mexico, particularly at large

strains. Bodin et al. (1997) noted that the dominance of clays in the Valley of Mexico surficial

deposits probably reduced nonlinear ground motion effects from the 1985 M 8.5 Michocaon

earthquake because peak strains were about 0.1%, insufficient to cause significant modulus

degradation in clay-dominated soils. Nonlinear soil responses in the surficial fluvial deposits at

Jackson Lake Dam are expected to more strongly influence S-wave responses than in the Valley

of Mexico because expected strains of > 1% from the nearby M ~7 earthquake (Section 6) are

likely to cause modulus degradation. While the impact of nonlinear soil responses on the

amplitudes of large-amplitude, broadband Airy phases is unknown, it is likely that nonlinear soil

responses will increase the duration of ground motions at the dam, relative to linear soil

responses. This is a consequence of dynamic modulus degradation, which reduces shallow S-

wave velocities during the earthquake, thereby increasing the travel times of Airy phases

propagating in the vicinity of the free surface. For example, for a portion of Jackson Lake Dam

located 2 km from a glacial scour lateral terminus, it takes about 20 s for the first basin-edge Airy

phase to arrive at the site. If the shallow sediment shear modulus is reduced by a factor of four due

to nonlinear response, the S-wave velocity is halved and it will take 40 s for the first basin-edge

Airy phase to arrive at the site. Thus, if the shallow sediment section is expected to have a
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consistent nonlinear shear modulus reduction, the total duration of ground motions at the dam

associated with shallow Airy phases is expected to substantially increase if the shallow sediments

respond nonlinearly. With respect to the weak-motion Airy phase responses recorded at the dam, a

M 7 earthquake is very likely to produced substantially longer duration Airy phase responses

along the embankment portion of the dam (even for linear soil responses) because all edges of the

glacial scour will be excited by incident S-waves from all possible azimuths (the dam is located

near the middle of the fault) for about 20-30 s (duration of rupture plus delays associated with

propagation of basin-edge S-waves from the edge of the low-velocity basin near the fault to the

dam). Thus, all the edges of the glacial scour will be strongly excited because substantial S-wave

arrivals are almost always certain to be incident at angles to maximize basin-edge Airy phase

amplitudes (incident at non vertical angles toward the interior of the scour basin). Rupture of the

entire length of the Teton fault will increase Airy phase durations and amplitudes at the dam

because about 2/3 of the fault is located south of the dam, and all the S-wave arrivals from the

southern 2/3 of the fault are likely to produce strong Airy phase amplitudes along the southern

portion of the embankment section (e.g., all these S-waves are incident at non vertical angles

pointing into the northern interior of the scour basin). It is important to note that Bodin et al.

(1997) emphasize an unusual aspect of very-low velocity basins is the large strains that result

from the very short wavelengths and horizontally propagating large-amplitude phases, like Airy

phases.

5.5  Summary and Conclusions.

Bedrock ground motions propagating from the Teton fault will be modified by the soil column

underlying much of Jackson Lake Dam. Recordings of strong ground shaking at the dam that

would be needed to directly estimate this effect do not exist. Instead, ground motions from

moderate-magnitude local earthquakes were recorded by three-component broadband velocity

seismometers at six locations on the dam, and one location on the right abutment. These

recordings were compared to reference sites using the method of spectral ratios.

Ground motions on the north dike at stations 24+00, 30+95, and 52+00 are amplified in the

frequency range of 0.2 to 1.5 Hz, in comparison to the right abutment. The duration of ground

shaking in this frequency band is substantially prolonged. Ground motions at station 13+00 are
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not similarly amplified over this frequency range, nor are the durations appreciably prolonged.

Shallow sedimentary basins can generate surface waves and converted body waves which result

in this type of site response, as shown in Section 5.4. Low-velocity fluviolacustrine sands, gravels

and a northward thickening wedge of fines overly higher-velocity glacial drift and gravels below

the north dike (for stations greater than 14+00), which effectively produces a sedimentary basin

structure.

High-frequency (>1.0 Hz) ground motions recorded directly above the treated embankment

foundation at station 24+00 are observed to be lower in amplitude than outside of the treated zone,

consistent with the higher shear-wave velocities obtained from the dynamic compaction and Soil

Mix Wall (SMW) treatments. However, for frequencies below 1.0 Hz, substantial amplification

and prolonging of duration are observed both inside and outside of the treated zone.

Poorly consolidated, potentially liquefiable fluviolacustrine sands and gravels with shear

velocities as low as <300 ft/s (<100 m/s) underlie much of the north dike at stations 13+00 and

greater. The site response to strong shaking is expected to be non-linear, in contrast to the

observed weak motion response. However, both the weak and strong motion responses are

influenced by the same shallow depositional basin structure underlying the dam. While the

observed weak motion site response (amplification and prolonging of duration) is consistent with

that of a shallow closed basin (2-D and 3-D response), it is not easily explained by a vertically-

propagating shear-wave in a horizontally stratified soil column (1-D response). The response of a

one-dimensional soil column is difficult to reconcile with the observed response on the dam,

which appears to be characterized by surface and interface waves and converted body-waves. 

Available computer codes for estimating non-linear site response are based on propagating an

incident body wave through a 1-D soil column. These codes will tend to underestimate the

observed duration of shaking at Jackson Lake Dam because they do not fully account for the 2-D

and 3-D response of the local sedimentary basin (converted phases, surface waves, etc.). In order

to better account for the 2-D or 3-D character of the observed weak-motion site response, yet

employ available one-dimensional codes for estimating non-linear site response, a hybrid

approach is used. This approach incorporates the longer durations observed in the weak motion

data to modify the bedrock input motions for use in one-dimensional computer codes.
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At stations 12+00 and less, the response to strong ground shaking is not expected to have a

substantial non-linear component. The observed weak motion response may therefore be applied

to bedrock design ground motions without further modifiation.

This section provided vital information necessary to estimate site-specific rock and soil ground

motion responses at Jackson Lake Dam associated with M ~7 earthquakes on the Teton fault, the

topic of the next section.
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 6.0   GROUND MOTION MODELING

The influences of large-scale crustal velocity structure and source radiation on rock and soil

ground motions at Jackson Lake Dam are the focus of this section. Ground motions are

synthesized for the rock site station JLDW for a variety of magnitudes and source geometries to

quantify peak ground motions scaling and variability associated with earthquake rupture

scenarios postulated for earthquakes on nearby Teton fault segments. The uncertainties in fault

dip are accounted for by considering three values of dip for each fault segment, yielding a total of

six fault segments to consider when simulating ground motions. The northern segment is assigned

a strike length of 42 km and the southern segment is assigned a strike length of 18 km. The depth

to the bottom of the Teton fault is assumed to be 16 km for all rupture segments and fault dip

scenarios (Figures 6-1 and 6-3). Rupture of the northern Teton fault segment is likely to produce a

M 6.9 earthquake for a dip of 60° and M 7.0 for a dip of 45° (M 7.0 is also used for a dip of 35°)

based on moment fault area relations of Wells and Coppersmith (1994). Rupture of the northern

and southern Teton fault segments in a single fault rupture increases M by ~0.2 based on moment

fault area relations of Wells and Coppersmith (1994) applied to the entire length of the Teton

fault. Rupture of the northern segment for dips of 35° and 45° involves fault rupture directly

beneath the dam (Figures 6-1 and 6-3). It is necessary to determine how strongly rupture

directivity may influence peak ground motions and ground motion variability at the dam for all of

these near-source earthquake scenarios. Impacts of 3D crustal velocity structure are substantial

and much of the modeling effort is devoted to accounting for the influences of 3D velocity

heterogeneity on ground motion amplitudes and durations, and evaluating the influence of fault

dip uncertainties on ground motion characteristics.

6.1  Overall Approach

The basic approach follows Spudich and Archuleta (1987). We use the representation theorem,

with a kinematic approximation for seismic radiation from a propagating fault rupture, to estimate

linear ground motions for south abutment “rock” site conditions. Synthetic reciprocity Green’s

functions (RGF) are calculated using 3D viscoelastic finite-differences using the approach of

Graves and Wald (2001) and the 3D velocity-density-attenuation model from Section 4. These 3D
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RGFs are mostly used for frequencies < 1 Hz. Empirical Green’s functions (EGF) are extracted

from site-response recordings of local earthquakes to provide responses > 1 Hz. Point source

summation with Kostrov-like slip-velocity time functions is used to compute synthetic ground

motion time histories in an approach similar to O’Connell et al. (2001). The nonlinear approach of

Bonilla (2001) is used to calculate soil ground motions, including nonlinear soil responses, in

low-velocity soils beneath the embankment portion of the dam. Response spectral quantiles are

used to associated simulated ground motions with specific probabilities of occurrence and several

simulated and observed ground motions time histories are recommended for dynamic analyses of

the dam.

6.1.1   Green’s Function For Linear Ground Motions.   The 3D elastic finite-difference

approach of Graves (1996), modified to included viscoelastic responses (Graves and Day, 2003),

is applied invoking reciprocity to calculate the primarily < 1 Hz Green’s functions on all six fault

segments, using a nominal 0.2 km point-source spacing on the faults. This requires specifying a

great deal of information about the 3D variations of seismic velocities, density, and attenuation;

derivation of these quantities is summarized in Section 4. Site-response recordings of eight local

earthquakes are used to construct a suite of empirical Green’s functions, primarily for the

purposes of synthesizing ground motion responses for frequencies > 1 Hz. The 3D Green’s

function were used to establish EGF amplitudes for integration points on all fault segments. The

details of the preparation of the Green’s functions are presented in Section 6.3.

6.1.2   Nonlinear Soil Ground Motions.  The seismic responses of near-surface soils

often exhibit nonlinear stress-strain relationships. Long-duration ground motions were observed

on the embankment section site-response stations located on low (~100 m/s) S-wave velocity soils

(Section 5). It is necessary to estimate ground motions at sufficient depth to provide linear input

ground motions for nonlinear ground motion calculations necessary for engineering analyses of

the dam. One option was to input rock motions at the base of the low-velocity soils at ~140 m, but

the rock motions do not contain the long-durations ground motion responses characteristic of the

very-low-velocity (VLV) glacial scour portion of the dam. In Section 5, it was demonstrated that

the long-duration soil motions at the surface are likely to originate at > ~25 m depth due to strong

vertical velocity gradients and velocity discontinuities within the low-velocity materials within
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the glacial scour. A difficult problem is to accurately represent the seismic responses within the

low-velocity soils to include the 3D duration influences of the glacial scour low-velocity structure

as inputs into nonlinear soil response calculations, in part, because it is not clear a priori at what

depth the soil responses behavior becomes significantly nonlinear. A convolution operator

developed in Chapter 5 with weak-motion site-response data is used to develop subsurface ground

motions for input into nonlinear soil response calculations. Details are presented in Section 6.6.

A second problem is to find a way to propagate the long-duration responses at > ~25 m depth to

the surface that includes likely nonlinear soil responses. The one-dimensional (1D) equivalent-

linear method represented by SHAKE (Schnabel et al., 1972) is the most common method for

engineering analysis of earthquake ground motions for soil site conditions. However, it is an

approximate method that does not have the ability to reproduce some observed classes of

nonlinear soil response associated with saturated, low-velocity soils (typical of the soils in

portions of the foundation of the embankment portions of Jackson Lake Dam), particularly the

sometimes large-amplitude cusped, one-sided accelerograms that arrive behind the first S-waves

(Porcella, 1980; Holzer et al., 1989; Zeghal and Elgamal, 1994; Iai et al., 1995; Archuleta, 1998;

Bonilla et al., 1998, Frankel et al., 2002). Holzer et al. (1989) reported large-amplitude cusped,

one-sided accelerograms in surface seismograms of the 1987 Superstition Hills earthquake

recorded on an array of surface and borehole accelerometers and downhole pore-pressure

transducers. This site underwent liquefaction during the shaking. Holzer et al. (1989) found that

these pulses occurred during drops in the pore pressure and suggested that they were related to

episodic lateral spreading. Zeghal and Elgamal (1994) analyzed the same array data and proposed

that at large strains after initial liquefaction, the soil became dilatant, pore pressure dropped, and

the soil increased in strength, thus producing the cusped pulses. Strain hardening from soil

dilatancy has also been observed in laboratory studies (Ishihara, 1985; Kramer and Arduino,

1999). Frankel et al. (2002) note that the cusped arrivals observed from the M 6.8 2001 Nisqually

earthquake that arrived after the S-waves sometimes actually increased the peak accelerations

relative to the peak accelerations associated with the S waves. In some cases, the nonlinear

response increases the peak accelerations compared with the linear response, an observation

contrary to conventional wisdom on nonlinear response.
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To date no one has published results using SHAKE that reproduce the nonlinear behavior

discussed above. In view of the inability of SHAKE (Schnabel et al., 1972) to reproduce observed

nonlinear soil responses associated with site conditions similar to site conditions at Jackson Lake

Dam (Archuleta, 1998), the NOAH nonlinear code (Bonilla et al., 1998; Bonilla, 2000) is also

used to estimate ground motions as a function of depth below the portion of the embankment with

~140 m total thickness of soil deposits above the overcompacted till. NOAH is a NOnlinear

Anelastic Hysteretic finite difference code, which computes the nonlinear wave propagation in

water saturated soil deposits subjected to vertically incident SH ground motion. The constitutive

equation implemented in this code corresponds to the strain space multishear mechanism model

developed by Towhata and Ishihara (1985) and Iai et al. (1990). The code is able to perform total

and effective stress analyses. The current rheology works particularly well to model the cyclic

mobility of sands under undrained conditions. Results of these investigations are summarized in

Section 6.6 and Appendices E and F.

6.2  Source Parameterization

A kinematic rupture model is used that mimics the spontaneous dynamic rupture behavior of a

self-similar stress distribution model of Andrews and Boatwright (1998). The kinematic rupture

model is also similar to the rupture model of Herrero and Benard (1994). Self-similar effective

stresses (and slip velocities) are generated over the fault with rise times that are inversely

proportional to effective stress. Peak rupture slip velocities evolve from ratios of one relative to

the sliding (or healing peak) slip velocity at the hypocenter to a maximum ratio of 4:1 consistent

with the dynamic rupture results of Andrews and Boatwright (1998) that shows a subdued

Kostrov-like growth of peak slip velocities as rupture grows over a fault. The kinematic model

used here produces slip models with 1/k2 (k is wavenumber) distributions consistent with

estimates of earthquake slip distributions (Somerville et al., 1999) and ω2 (ω is angular

frequency) displacement spectra in the far-field. Oglesby and Day (2002) used numerical

simulations of dynamic fault rupture to show that rupture velocity, rise time, and slip are

associated with fault strength and stress drop, as well as each other. The kinematic rupture model

used here enforces correlations between these parameters by using a common fractal seed to

specify relationships between all these fault rupture parameters, as discussed in more detail in

Section 7.2 in relation to modeling of near-source ground motions from the 1994 M 6.7
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Northridge, California, earthquake and in O’Connell et al. (2001). Oglesby and Day (2002) and

Guatteri et al. (2003) used dynamic rupture simulations to demonstrate that rupture parameter

correlation, as implemented in the stochastic kinematic rupture model outlined here, is necessary

to produce realistic source parameters for ground motion estimation.

To calculate peak slip velocities, healing slip velocities, and displacements for moment

calculations, we used the approximation of the Kostrov slip-velocity function of O’Connell and

Ake (1995)

(6-1)

in the kinematic rupture code, where  is the distance on the fault from the hypocenter,  is the

compressional velocity,  is the shear velocity,  is the rigidity,  is the effective stress,

 is a number determined from , the rupture velocity, and  (Dahlen, 1974;

Richards; 1976), H is the Heaviside step function, t is time of rupture, Tinitial is the time of rupture

initiation, Theal is the time the rupture begins to stop, and Tstop is the time rupture ceases. A is an

amplitude factor calculated from the Kostrov slip-velocity function of Archuleta and Hartzell

(1981) at dt after Tinitial that allows (6-1) to replicate the Kostrov slip-velocity function, and a, b,

and c, are times from the onset of rupture until the slip velocity reaches, 0.5, 0.1, and 0.05 of the

difference between peak slip-velocity amplitudes and steady slip-velocity amplitudes,

respectively. Equation (6-1) was normalized over the entire fault to produce a maximum ratio of

peak rupture slip velocity to peak healing slip velocity of 3:1. The approximation to 

of O’Connell and Ake (1995)

(6-2)

was used in (6-1). It has a maximum error of less than 2% relative to the results of Dahlen (1974)

and Richards (1976). Guatteri et al. (2003) showed with dynamic rupture simulations that
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Kostrov-like slip-velocity functions provide the most-realistic slip-velocity functions for ground

motion estimation.

The time domain Kostrov slip velocity function of Archuleta and Hartzell (1981)

(6-3)

was convolved with the 3D Green’s functions to produce the < 1 Hz synthetic ground motions.

The EGF summations required 16 times more integration points than the RGF summations to

ensure integral convergence, resulting in > 400,000 point source integrations to calculate for each

single ground motion. To eliminate the slip-velocity convolutions from inside the point source

summation integral, an approximate “Kostrov” function was convolved after the EGF point-

source summation to approximate the amplitude and phase effects of the a Kostrov slip velocity

functions. The high-frequency approximation to the Kostrov function was constructed by

extracting the portion of the Kostrov function that produces the deviation of the Kostrov function

from a boxcar function (Figure 6-2a), and convolving that “residual function” (Figure 6-2b) with

the EGF synthetic ground motions. This produces a high-frequency decay similar to using the

exact Kostrov function (Figure 6-2c), but does not to account for variation in Kostrov slip velocity

behavior as a function of rupture time. This approach is more accurate than other methods of

high-frequency summation methods, like stochastic subevent summation used by Silva and Lee

(1987), Schneider et al. (1993), Zeng et al. (1994), and Beresnev and Atkinson (1997), because it

employs a rigorous point-source integration accuracy of 6 points-per-shortest-wavelength

(Spudich and Archuleta, 1987), but is less accurate than retaining the slip-velocity function

convolution at each integration point.

Effective stress correlation lengths were increased by 33% relative to the M 6.7 Northridge

rupture simulations of O’Connell (2001) to be consistent with the empirical relations of

Somerville et al. (1999), that indicate that asperity size increases with magnitude. Rupture

velocities were allowed to vary over a wide range (between 0.6*β to 1.05*β) in each rupture

simulation to allow rupture directivity caustics to develop, and to produce variable rupture times.

s· r t,( ) C υr α β, ,( )
σE
µ

------βt
H t r

v
--– 

 

t2 r2 vr
2⁄–

-----------------------------=
191 Report 2003-2



June 13, 2003 FINAL REPORT
0 5 10 15
Time (s)

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
iz

ed
 sl

ip
 v

el
oc

ity

0.01 0.10 1.00 10.00
Frequency (Hz)

0.1

1.0

Ve
lo

ci
ty

 sc
al

in
g 

fa
ct

or
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Effective stresses averaged 30-40 bars, consistent with stress drops typically associated with

normal-faulting earthquakes (McGarr, 1984; Mendoza and Hartzell, 1988; Anderson et al., 2001).

A large number of assumptions and choices must be made to specify earthquake rupture models.

This discussion focuses on significant assumptions made in this study:

1. The radiation pattern is applied at all frequencies. As discussed in O’Connell and Ake (2002),

the high frequency limits of coherent seismic radiation are not well established. There are the-

oretical reasons to expect seismic radiation to become incoherent at sufficiently high frequen-

cies as a result of dynamic rupture processes (Madariaga, 1977; Boatwright, 1982). The

scattering properties of crustal velocity heterogeneity also contribute to reducing high-fre-

quency coherence (O’Connell, 1999a). The crustal wave propagation filter is sufficiently

strong to make it impossible to determine the source limits of coherent seismic radiation from

surface ground motion observations. Abercrombie (1995) showed that the top several km of

the crust severely attenuate high-frequencies and that downhole earthquake recordings show

that earthquake source processes are self-similar. Since coherence at the site persists to at least

4 Hz, and possible to 6 Hz (Section 4), it is prudent to apply the radiation pattern for all fre-

quencies. 

2. A total of eight EGF’s are used in the simulations (Appendix D). In this study phase is not

spatially interpolated between EGF’s, as suggested by Hutchings (1994). Since phase is not

randomized beyond phase variability contained in the eight distinct EGF’s, phase is less

coherent than the approach of Hutchings (1994). The random selection of one of the eight

EGF’s at each point-source positions and the considerably variable initial phases of the direct

S-waves in the EGF’s suggests that phase may be overly randomized in the EGF ground

motion simulations for low frequencies. Conversely, the random selection of EGF’s at each

point-source position is effectively a proxy for randomizing the phase of high-frequencies,

e.g., reducing the coherence of the effective radiation pattern for all frequencies.

3. Rupture velocity is assumed to not exceed 1.105*β. As discussed in O’Connell and Ake

(2003), there are a number of earthquakes where rupture velocity may have reached ~1.4*β.

and there are theoretical reasons to expect high rupture velocities in some situations (Ben-
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Zion, 2001). A significant caveat is that there are no dynamic investigations of rupture veloci-

ties and systematic velocity contrasts across faults for dipping faults have been performed

(Ben-Zion, 2001; O’Connell and Ake, 2003). So the arguments presented below w.r.t. high

rupture velocities on the Teton fault are by analogy to strike-slip simulations (summarized in

Ben-Zion, 2001) and observations (Bouchon  et al., 2001). 

Rupture velocities ~1.4*β. on the Teton fault are not likely to occur for the following reasons:

1. Rupture is likely to propagate from near the bottom of the fault to the surface, in the opposite

direction to the normal-slip direction of the hanging wall. The 3D velocity inversion shows a

slight decrease of P-wave velocity from the footwall to the hanging wall below 5 km depth

(admittedly, the resolution of this velocity change is marginal, at best). Thus, slip direction

and rupture direction are the same for the stiffer side of the fault and supershear rupture veloc-

ities of ~1.4*β are unlikely for depths > 5 km (by appealing to strike-slip results summarized

in Ben-Zion, 2001).

2. Oglesby et al. (1998) present dynamic rupture simulations that show that slip may jump to the

free surface and propagate downdip to intersect the primary updip rupture front. This results

was reproduced using the approach of Andrews (1999). In this case, rupture is coincident with

the slip direction of the hanging wall. However, the gravity modeling summarized in Byrd et

al. (1994 and references therein) and velocity structure modeling in Section 4 suggest that a

high-density body is located in the hanging wall between the fault and the LVB. Conse-

quently, the compliant material is on the footwall and is not moving in the direction of rupture

for downdip rupture; supershear rupture velocities of ~1.4*Vs are unlikely for this configura-

tion (Ben-Zion, 2001).

There is a possible exception that would allow for rupture velocities of ~1.4*β on a portion of the

Teton fault. Updip rupture and footwall slip direction are parallel for the top several km of the

fault, so supershear rupture velocities of ~1.4*β are not precluded in this region (Ben-Zion, 2001).

However, the velocity contrast across the fault in the top 5 km may be insufficient to allow

supershear rupture velocities of ~1.4*Vs. Without dynamic rupture simulations using the fault

geometries of the Teton fault in a realistic 3D modulii structure, it is unclear what various rupture
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velocity scenarios are likely or unlikely. This is an issue that could significantly influence ground

motions at Jackson Lake Dam and may merit further investigation.

6.3  Linear Wave Propagation Methods

This section provides details of the application of the viscoelastic 3D finite difference methods of

Graves and Day (2003) and P.C. Liu (pers. comm.) to calculate ground motions for frequencies <

1 Hz, and construction of empirical Green’s functions for simulated ground motions for

frequencies > 1 Hz. 

6.3.1   Low-Frequency 3D Green’s Functions.  In Section 4, a finite 3D grid of

velocities, densities, and attenuation coefficients that contains the Teton fault segments, the dam,

and sufficient distance from the grid boundaries to minimize artificial boundary effects was

constructed using available geophysical data. In Figure 6-3 representative cross-sections show the

positions of the Teton fault for the three discrete dips used in ground motions simulations. As

discussed in Section 4, there are significant caveats concerning the velocity model, particularly

the LVB that contains the dam. First, while the strong velocity contrast between the LVB and the

surrounding medium reproduce overall amplitude and duration characteristics of MEQ ground

motions recorded at the dam, the eastern extent of the LVB is artificially truncated, based on the

refraction travel-time data. The overall shape and roughness of the bottom of the LVB are not well

constrained by the data analyzed to date. The 2D finite-difference modeling suggested that strong

correlated-random velocity variations may exist in the LVB, but the velocity model used here

(Figures 6-1 and 6-3, Appendix C) has no randomization of LVB velocities. The only velocity

randomization was applied to the medium outside the LVB in the form of vertical velocity

oscillations with wavelengths of ~1 km that are strongest in the highest velocity gradient portions

of the model (Figure 6-3). More sophisticated randomizations (O’Connell, 1999a) could

significantly change predicted ground motions, but would entail a significantly expanded scope of

investigation. Since as is shown in Section 6.4, the LVB strongly influences peak ground motion

scaling and durations at the dam, the uncertainty in the 3D velocity-model may be an important

source of ground motion estimation uncertainty at the dam. To better characterize ground motion

estimation uncertainties, several alternative ground motion estimation approaches that use purely

empirical Green’s functions are presented and used in Section 7.
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6.3.1.1    Viscoelastic 3D Finite-Difference Calculations. Viscoelastic 3D finite

difference methods are used for forward-modeling ground simulations of single and multiple

segment finite-fault rupture of the Teton fault using the method of P.C. Liu (pers. comm). The

approach of Graves and Wald (2001), updated as per Graves and Day (2003) to provide a more

realistic approximation for damping, was used to calculate reciprocity Green’s functions for grids

of point sources distributed on the six fault segments used to evaluate ground motions associated

with earthquakes on the Teton fault.

Reciprocity Green’s function were obtained for the south abutment of Jackson Lake Dam by

calculating the moment tensor responses at 93,485 point-source positions distributed across the

six Teton fault segment scenarios for each ground motion component, yielding 280,455 Green’s

function files. The nominal point-source spacing along strike and downdip was 0.2 km, but

deviates slightly from 0.2 km, because point-source positions coordinates are rounded to the

nearest integer node position in the reciprocity calculations. The forward-modeling code

interpolates precisely between nodes to enforce a 0.2 km point-source spacing along strike and

down dip. The maximum frequency before velocity dispersion begins to influence calculated

responses is 0.8-1.0 Hz using these node spacings. Consequently, the 3D finite-difference results

were low-pass filtered using a two-pole Butterworth filter with a corner frequency of 0.8 Hz to

smoothly attenuate high-frequency responses prior to blending with EGF ground motions, as

described below. This filter reduced 1.0 Hz amplitudes by half, making 1.0 Hz the cross-over

frequency for blending high- and low-frequency synthetic ground motions. A time step of 0.0015

s was used to meet explicit stability requirements. After anti-alias filtering, computed responses

were saved every 0.015 s. The anti-alias filter was applied to the source time function, a Gaussian

velocity pulse, to improve computational efficiency. The anti-alias filter and Gaussian source-

time function responses were deconvolved from the reciprocity Green’s function in preparation

for the imposition of Kostrov-like source time functions for ground motion synthesis.

6.3.2   High-Frequency Empirical Green’s Functions.   In theory there is no reason the

M < 3 EGF’s could not be used to produce broadband ground motions. In practice, ambient

background noise precludes using the EGF’s for frequencies substantially < 1 Hz. A total of eight

MEQ three-component seismograms obtained from site-response stations in the vicinity of
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Jackson Lake Dam were used to produce EGF’s for ground motion simulations corresponding to

earthquake ruptures on the northern Teton fault segment (Figure 6-4, Table 6-1). Seven

seismograms were obtained from station JLDW, located on the south abutment of the dam. One

seismogram was obtained from station JLD7 located on the northern end of the dam because the

seismograms from stations JLDW and JLD2 were dominated by noise. These earthquakes were

selected because of their proximity to the northern segment of the Teton fault. Several of the

earthquakes conceivably are located on the Teton fault; the uncertainties in fault dip and

hypocenter locations precludes definitive assignment of these earthquakes to the Teton fault.

The mean spectral velocity responses of the 3D reciprocity Green’s functions in the ~0.8 Hz to 1.5

Hz frequency band were used to establish EGF scaling for integration points on all fault segments.

Although the strict grid dispersion limit for the 3D RGFs was about 1 Hz (Moczo et al., 2000), the

realities of EGFs signal-to-noise as a function of frequency required calculating mean amplitudes

in the ~0.8 Hz to 1.5 Hz frequency band. Rigorously extending the 3D RGF calculations to 2 Hz

would have required 8 times more memory and storage, and 16 times more computer time (about

2 months), and was not feasible within the project schedule. The approach used was probably the

most accurate approximation available; alternative 1D wave methods including reflectivity

approaches were considered, but would have produce larger errors. Further calibrations of

estimated ground motion amplitudes using purely empirical Green’s functions are presented in

Table 6-1: Empirical Green’s Function Earthquake Information

Date. Time. Latitude. Longitude. Elevation. Magnitude. 

1996/09/29 00:35:59.471 43.91073 -110.64070 -3.720 1.6

1996/10/15 22:03:12.602 43.89276 -110.67271 -8.050 2.0

1996/11/28 09:56:56.902 44.00331 -110.54839 -7.230 2.2

1997/02/06 18:56: 7.464 43.70396 -110.43253 -4.830 2.2

1997/09/11 04:11:18.022 43.93142 -110.56208 -6.550 2.0

2001/04/19 03:28:19.000 43.82266 -110.69444 -1.870 1.4

2001/11/15 02:16:10.000 43.68424 -110.49812 -2.870 2.9

2001/12/06 14:15:14.000 43.82436 -110.82595 -7.890 2.2
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Section 7 to better ascertain ground motion the significance of theorectical Green’s function

assumptions on ground motion uncertainties.

The amplitude and polarity plots in Figures 6-5 to 6-7 provide insights into the factors that most

strongly influence ground motion amplitudes at the dam. For E15S horizontal motions, large slip-

velocities on the upper half of the fault within a ~15 km strike distance region centered on the

dam produce ground velocities at the dam 3 to 6 times stronger than slip-velocities on the rest of

the upper half of the fault (Figure 6-5). The polarities of the largest contributors to ground

velocity at the dam have mixed S-wave polarities, which generally reduces amplitudes associated

with directivity, although the dam is located too far east of the fault to experience the strongest

directivity effects (see Section 6.4). The polarity variability is a product of a simple radiation

pattern effect where the polarity changes at ~15 km downdip distance. S-wave propagation

complexity accounts for the varying polarities at downdip distance < 10 km; S-wave interacts

with the 3D LVB make polarity identification ambiguous and may produce phases shifts

sufficient to switch first S-wave arrival polarities. Slip-velocities in the ~20 km strike distance

region centered on the lower half of the fault produce ground velocities at the dam ~2 times

stronger than slip-velocities on the rest of the lower half of the fault (Figure 6-5). For the dam to

experience decreased E15S ground motion velocities, would require that no high slip-velocity

asperties occur in the central half of the northern rupture segment. Somerville et al. (1999)

obtained relations between seismic moment and asperities radius. Using there relation for a M 7.0

earthquake on the northern Teton fault segments, indicates that the largest asperity would have

diameters of ~11-15 km. Somerville et al. (1999) found that the location of the centers of

asperities for dip slip faults were located within the central 80% of fault strike about 86% of the

time. Asperities centered 20% or 80% of the strike distance would have nearly half of their

asperity areas intersecting the regions of elevated amplitude contribution in Figure 6-5. Thus, it is

likely (> 86%) that at least half or more of the area of the largest asperity on the northern Teton

fault segment will occur on the portions of the fault that produce the strongest E15S ground

shaking. 

The situation is more complex for the N15E horizontal component (Figure 6-6); the polarities

switch along strike centered on the strike position of JLDW and the radiation pattern produces a
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Figure 6-5:  E15S-component S-wave normal-dip-slip polarities and 0.8-1.5 Hz amplitudes at JLDW for 
a 35° fault dip. Perspective is normal to the fault surface. Polarity is shown at the top with grey 
positive and white negative. RGF mean spectral amplitudes are color contoured with the color bar 
showing the amplitude range. Point source spacing is 0.2 km. JLDW’s strike position is ~21 km.
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nearly quadrapole amplitude variation about the position of the normal on the fault to JLDW. It

appears that the LVB substantially amplifies N15E ground motions associated with seismic

radiation from the shallow portion of the fault located in the ~10 km portion of the fault south of

the JLDW. Again the central half of the fault produces the largest ground motion amplification at

the dam, similar to the E15S component (Figure 6-5), except there are near nulls associated with

the quadrapole radiation pattern in the center of the fault (Figure 6-6). Thus, the N15E motions

are also likely (>86%) to be amplified by the largest rupture asperity, in a manner similar to the

E15S component. The polarities for the vertical S-wave contributions are complex and the

strongest contributions to vertical motions are confined to the upper half of the fault (Figure 6-7).

Consequently, if most of the largest asperity were located on the lower half of the fault, vertical

ground velocities at JLDW would be lower than for either of the horizontal components. 

The polarity complexities in Figures 6-5 to 6-7 ensure that realistic radiation patterns are used

when summing the EGF. Vidale (1989) showed that the standard double-couple radiation pattern

is observable to 6 Hz based on analysis of the mainshock and an aftershock from the Whittier

Narrows, California, thrust-faulting earthquake sequence. In contrast, Liu and Helmberger (1985)

found that a double-couple radiation pattern was only discernible for frequencies extending to 1

Hz based on analysis the 1979 Imperial Valley earthquake and an aftershock. Since it was possible

to model MEQ S-waves to at least 4 Hz in Section 4, it is more appropriate to include the radiation

pattern explicitly in the EGF summations, than to assume random polarities at frequencies > 1 Hz.

Consequently, polarity-corrected EGFs are likely more realistic for frequencies extend to 4-6 Hz

than assuming random polarities EGFs (e.g., stochastic subevent summation as used by Silva and

Lee, 1987; Schneider et al., 1993; Zeng et al., 1994; Beresnev and Atkinson; 1997).

Several processing steps were required to convert the seismograms to EGF’s. First, the S-wave

arrival times were picked to provide a time reference for the finite-fault summations. Also, the

polarities of the initial S-wave arrivals were picked and the seismograms normalized to have

positive initial polarities on all components prior to application of the radiation pattern polarities.

The radiation pattern polarities and overall amplitude scaling were obtained by using the mean

~0.8 Hz to 1.5 Hz spectral amplitudes from the 3D Green’s functions distributed over the fault

surfaces (remember we have three fault dips to consider for the northern segment) to scale the
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Figure 6-6:  N15E-component S-wave normal-dip-slip polarities and 0.8-1.5 Hz amplitudes at JLDW for 
a 35° fault dip. Perspective is normal to the fault surface. Polarity is shown at the top with grey 
positive and white negative. RGF mean spectral amplitudes are color contoured with the color bar 
showing the amplitude range. Point source spacing is 0.2 km. JLDW’s strike position is ~21 km.
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Figure 6-7:  Vertical-component S-wave normal-dip-slip polarities and 0.8-1.5 Hz amplitudes at JLDW 
for a 35° fault dip. Perspective is normal to the fault surface. Polarity is shown at the top with grey 
positive and white negative. RGF mean spectral amplitudes are color contoured with the color bar 
showing the amplitude range. Point source spacing is 0.2 km. JLDW’s strike position is ~21 km.
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EGF’s. The 3D eikonal equation solver of Hole and Zelt (1995) was used to calculate first S-wave

arrival times and the polarities of the 3D Green’s function were estimated by extracting the signs

of the integrals over 0.4 s of each component of the 3D Green’s function starting at the computed

S-wave arrival time. A median smoother was applied to the polarities obtained over fault surface

to obtain the polarities used in the EGF calculations. EGFs were constructed of total lengths of 15

s to ensure ground motion calculations could be accomplished on a reasonable project schedule.

The 15 s EGFs, consisted of about 1.5 s of pre-S-wave and ~13.5 s of post S-wave ground

motions. The ~1.5 s of ground motion preceding the first S-wave was included to capture any

significant converted phases that had apparent velocities similar to the first S-wave arrival. All

EGF’s are presented in Appendix D.

A point-source integration interval of 0.05 km was used in the EGF ground motion simulations to

ensure a sampling of at least 6 points per wavelength for frequencies < 10 Hz and rupture

velocities of ~3 km/s. To achieve this, the polarity and amplitude factors from the 3D Green’s

functions were bilinearly interpolated onto the integration grid.

To approximate the influence of a Kostrov-like slip velocity function while avoiding the

computational demands of performing slip-velocity function convolutions at every integration

point, a modification of the isochrone approach of O’Connell and Ake (2003) was used. The

“residual” Kostrov-like slip-velocity function that represented the most “typical” Kostrov slip-

velocity function in terms of rise-time documented in Section 6.2 was convolved with the ground

motions after point-source summation. This produces an appropriate ground motion scaling (e.g.,

ω2 displacement spectral rolloff), but is not as accurate as convolving the Kostrov slip-velocity

functions at each integrating point on the fault. However, it reduces the computational burden by

factors of ~103 and makes simulations of many ground motion scenarios possible. Uncertainties

in the application of the Kostrov slip-velocity functions introduce uncertainties, more accurately

potential biases, in the high-frequency acceleration amplitudes of 10% to 30%. This is less than

the uncertainty in ground motion synthesis when specifying the distribution of subevent sizes

using Brune sources to achieve an ω2 displacement spectral rolloff (Bereznev and Atkinson,

1997).
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6.4  Linear Ground Motion Simulations

The 3D ground motion velocity model presented in Section 4 and shown in Figures 6-1 and 6-3 is

used to synthesize all ground motions. The 3D reciprocity Green’s functions and empirical

Green’s functions were used to synthesize ground motions at site JLDW located ~200 m east of

the southern end of Jackson Lake Dam to provide reference rock motions. The 3D ground motion

S-wave velocity model is also used to calculate S-wave travel times for empirical Green’s

function ground motions. These synthesized ground motions provide the basis for all rock and soil

ground motions recommended for dynamic analyses of the dam.

6.4.1   Idealized Fault Rupture Geometries.  The Teton fault consists of numerous,

sometimes discontinuous, fault traces (Section 2). For the purposes of ground motion simulations,

the Teton fault has been idealized using two planar fault rupture segments. The ~42-km-long

northern rupture segment consists of the central and northern sections of the Teton fault as defined

in Section 2, approximated by a single planar fault striking N8E with dips of 35°, 45°, or 60°, as

shown in Figure 6-1. The ~18-km-long southern rupture segment consists of the southern section

of the Teton fault as defined in Section 2, approximated by a single planar fault striking N21E

with dips of 35°, 45°, or 60°, as shown in Figure 6-1. Maximum fault depth is 16 km for all dip

scenarios and both fault segments as indicated in Figure 6-3. Low-frequency 3D ground motion

simulations were used to determine the impact of rupturing both rupture segments in a single

earthquake on peak ground motions and durations at the dam (Section 6.4.2.2). 

6.4.2   Forward Calculations of Low-Frequency 3D Ground Motions.  It is important

to calculate ground motions over a significant region in plan view to understand how ground

ground motions vary in space in relation to distance from the Teton fault, and in relation to the 3D

crustal velocity structure. Several 3D finite-difference simulations of Teton fault rupture scenarios

provided ground motion profiles for sites extending from the footwall of the Teton fault through

site JLDW to points just west of the eastern limit of the LVB in Figure 6-4. These calculations

were also used to compare ground motions produced by rupture of the entire Teton fault with

ground motions produced by rupture of the northern ~42 km of the Teton Fault. These

calculations were performed for dips of 35° and 60° to bracket the range of ground motion

responses associated with plausible ranges of fault dip. These are by necessity, low-frequency (<
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1 Hz) ground motion simulations, so peak velocities, peak accelerations, and Arias intensities are

all smaller than would be associated with broadband ground motions.

Ground motions for rupture of the entire Teton fault were constructed by using ground motions

produced by rupture from the southern end of the southern segment added to ground motions

produce by rupture of the northern segment from its southern edge, with a 1 s rupture delay

between the time rupture arrived at the northern end of the southern segment, and when rupture

was initiated at the southern end of the northern rupture segment. The horizontal component

orientations of the simulated ground motion are 7° from being perfectly aligned parallel (N15E)

and normal (E15S), respectively, to the idealized strike of the northern Teton fault rupture

segment. For the purposes of discussion the 7° deviation is ignored. Jackson Lake Dam strikes

generally north along the northern ~40% of its crest length, but generally has a NNW strike for

most of the rest of the dam. For the southern half of the embankment section the N15E horizontal

component is more representative of downstream motions than the E15S component, whereas

those roles are reversed for the northern embankment section and concrete section.

For a Teton fault dip of 35° the largest peak horizontal velocities (PHV) occur on the fault normal

horizontal component for sites about 4.5 km east of the fault (Figure 6-8). The largest PHV does

not occur above the deepest portions of the LVB, but occur along the western portion of the LVB,

indicating a complex interaction between rupture directivity and LVB structure. The PHVs within

the LVB, and at the dam, are larger than PHVs at two of the three rock motions located < 2 km

from the Teton fault (Figures 6-8 and 6.9). In contrast, the largest vertical velocities occur

adjacent to the Teton fault on the rock portion of the hanging wall (Figure 6-10). The dam

experiences larger PHAs and PHVs than rock sites located within 2 km of the Teton fault, but

PHAs and PHVs are about 2/3 of the maximum PHAs and PHVs that occur the western portion of

the LVB (Figure 6-11). The dam is located at the edge of a region of elevated Arias Intensity

(Figure 6-11) associated with LVB amplification, and the interactions of prolonged ground

motions associated with LVB-edge waves and resonant LVB responses with direct S-waves from

later portions of the fault rupture. Strong ground velocity pulses nearly comparable in amplitude

to the PHVs associated with direct S-waves occur about 8 s after the first S-wave arrival at the

dam (dashed lines in Figures 6-8 and 6-9). These arrivals have apparent velocities indicating that
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Figure 6-8:  Low-frequency (< 1 Hz) E15S-component velocity waveforms for a full Teton fault rupture 
with a 35° fault dip. The seismograms span a 19-km profile (as shown in Figure 6-4) extending from 
330 m west of the Teton fault (bottom waveform) through site JLDW with a 1 km seismogram 
spacing. TF is the Teton fault, western LVB-edge is dotted line labeled LVB, and dotted arrows show 
the two seismograms representative of the range of positions represented by the dam. Above each 
seismogram is its peak velocity in cm/s. Dashed line shows strong LVB-edge S-wave arrivals.
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Figure 6-9:  Low-frequency (< 1 Hz) N15E-component velocity waveforms for a full Teton fault rupture 
with a 35° fault dip. See Figure 6-8 for plot details.
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Figure 6-10:  Low-frequency (< 1 Hz) vertical-component velocity waveforms for a full Teton fault 
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Figure 6-11:   Low-frequency (< 1 Hz) horizontal peak velocity, acceleration, and Arias intensity profiles 
for a full Teton fault rupture with a 35° dip (black curves). The ground motion profiles span a 19-km 
profile extending from 330 m west of the Teton fault through site JLDW as shown in Figure 6-4. Red 
curves are results when only the 42-km-long northern rupture segment is used instead of the entire 
length of the Teton fault. Note, minimum near-surface S-wave velocities of ~1 km/s in the 3D model 
represent rock site conditions. These results do not account for soil responses.
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they originate as S-waves at the western edge of the LVB and contribute to the increased Arias

Intensities at the dam. They diminish rapidly in amplitude east of the dam (Figures 6-8 and 6-9),

producing the sharp reduction in Arias Intensity east of the dam (Figure 6-11).

Figure 6-11 shows that peak ground motions and Arias Intensities at the latitude of the dam are

relatively insensitive to the inclusion of seismic energy associated with rupture of the ~18-km-

long southern Teton fault rupture segment. Likewise, the addition of the southern ~18-km-long

rupture segment does not appreciably increase ground motion durations at the dam. For instance,

PHVs > 15 cm/s occur ~40 s after the beginning of strong shaking on the E15S component

associated with the first S-wave arrivals even when the seismic energy from the southern Teton

fault rupture segment is not included in the simulated ground motions. The closest point of the

southern Teton fault rupture segment is > 22 km from the south end of the dam and is located

beyond the southern limits of the LVB. Essentially the same conclusions were reached in 3D

finite-difference simulations of ground motions using two other asperity models of earthquake

rupture. Rupture toward the dam (from the southern edge of the southern rupture segment) was

used in all three asperity model ground motion simulations, but inclusion of the southern rupture

segment in the ground motion calculations produced little change in PHA, PHA, or Areas

Intensity relative to omitting the seismic energy from the southern rupture segment from the

simulated ground motions Consequently, it was concluded that the southern Teton fault rupture

segment does not strongly influence peak ground motions or durations at site JLDW for fault dips

of 35°.

For a Teton fault dip of 60°, the PHVs on the fault normal component (Figure 6-12) are not

always larger than on the fault parallel component (Figure 6-13). In fact, the largest PHV occurs

on the fault parallel component, providing clear evidence of strong 3D LVB influences on the

strong ground motions. As was the case with a fault dip of 35°, the strongest vertical ground

motions occur adjacent to the fault on the rock portion of the hanging wall (Figure 6-14). PHVs >

15 cm/s occur ~40 s after the first S-wave arrival (Figures 6-12 and 6-13), as also occurred for a

fault of 35°; the LVB duration effects is not a strong function of fault dip. Strong velocity pulses

nearly comparable in amplitude to the PHVs associated with direct S-waves occur about 8 s after

the first S-wave arrival at the dam (dashed lines in Figures 6-12 and 6-13). These arrivals have
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Figure 6-12:  Low-frequency (< 1 Hz) E15S-component velocity waveforms for a full Teton fault rupture 
with a 60° fault dip. See Figure 6-8 for plot details.
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Figure 6-13:  Low-frequency (< 1 Hz) N15E-component velocity waveforms for a full Teton fault 
rupture with a 60° fault dip. See Figure 6-8 for plot details.
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Figure 6-14:  Low-frequency (< 1 Hz) vertical-component velocity waveforms for a full Teton fault 
rupture with a 60° fault dip. See Figure 6-8 for plot details.
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apparent velocities indicating that they originate as S-waves at the western edge of the LVB and

contribute to the increased Arias Intensities at the dam. They diminish slowly in amplitude west

of the dam (Figures 6-12 and 6-13), producing a more gradual reduction in Arias Intensity east of

the dam (Figure 6-15), compared to the case of a 35° fault dip (Figure 6-11). These results

indicate that large-amplitude LVB-edge S-waves will occur at the dam, independent of fault dip.

However, PHVs and PHAs are reduced for a fault dip of 60°, and PHVs and PHAs at the dam are

lower than PHVs and PHAs near the fault (Figure 6-15) Arias Intensities for a fault dip of 60° are

reduced by 50% relative to a fault dip of 35° (compare Figures 6-15 with 6-11). As was the case

of a fault dip of 35°, for a fault dip of 60° PHVs, PHAs, and Arias Intensities at the latitude of the

dam are little affected by rupture of the southern Teton fault rupture segment (Figure 6-15).

Consequently, further investigations of the influence of the southern Teton fault rupture segment

on ground motions at site JLDW were not pursued.

6.4.3   Broadband Hybrid Ground Motions.  Only the combined broadband RGF and

EGF ground motion results are reported for brevity. Based on the results of Section 6.4.2 we only

simulate ground motions for rupture on the 42-km-long northern segment of the Teton fault. A

total of 3300 rupture scenarios and resultant ground motions were calculated using 33 hypocenter

positions and 100 rupture model fractal randomizations. Eleven strike positions at distances (in

km) of 0.8, 4.8, 8.8, 12.8, 16.8, 20.8, 24.8, 28.8, 32.8, 36.8, and 40.8 from the south end of the

fault were used to ensure a even span of hypocenter strike positions, since there is no prior

information as to where along strike rupture is likely to start. Conversely, most normal-faulting

earthquake rupture from near the base of seismicity towards the surface, so hypocenters were

placed at depths of 13.8, 14.8, and 15.8 km, consistent with the findings of Doser and Smith

(1989). They found that in the extensional region of the western United States that all M ≥ 7.0

earthquakes occurred at depths of ≥ 12 km. Since each hypocenter position interacts differently

with the 100 fractal randomizations of rupture and healing velocities, and effective stress, the 33

hypocenter positions produce a total of 3300 discrete rupture scenarios and independent ground

motions; this number of ground motions simulations is sufficient to calculate various ground

motion quantiles and to investigate the dependence of ground motions on hypocenter position.
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Figure 6-15:  Low-frequency (< 1 Hz) horizontal peak velocity, acceleration, and Arias intensity profiles 
for a full Teton fault rupture with a 60° dip (black curves). The ground motion profiles span a 19-km 
profile extending from 330 m west of the Teton fault through site JLDW as shown in Figure 6-4. Red 
curves are results when only the 42-km-long northern rupture segment is used, instead of the entire 
length of the Teton fault. Note, minimum near-surface S-wave velocities of ~1 km/s in the 3D model 
represent rock site conditions. These results do not account for soil responses.
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6.4.3.2   Northern Teton Fault Segment - 35° Dip. Table 6-2 summarizes the

characteristics of broadband ground motions synthesized for station JLDW. Arias duration and

energy duration are defined as the time between the 5% and 95% of total Arias Intensity and

cumulative kinetic energy, respectively. Since the EGFs were limited to ~13.5 s durations, all

duration-related quantities (Arias Intensity and duration, and energy duration) are lower bounds. 

The strongest shaking occurs on the fault-normal (E15S) horizontal component, indicating a

substantial influence from rupture directivity. However, ground motions on the fault-parallel

(N15E) horizontal component are also substantial. Peak velocities are very large, exceeding the

largest median and 84% peak velocities estimated previously for a Reclamation dam by > 50%

(Casitas Dam, O’Connell, 1999b). Maximum Arias Intensities are similar to empirical attenuation

relation predictions of Kayen and Mitchell (1997) for rock sites. The energy durations exceed the

Arias durations by about 10 s because the LVB and relatively high site kappa of ~0.08 produce

stronger long duration velocity responses than high-frequency acceleration responses. 

The mean (Figure 6-16) and 84% (Figure 6-17) E15S acceleration response spectra (PSA) exhibit

responses more similar to soil responses from the Spudich et al. (1999) extensional acceleration

attenuation relations than rock responses. At periods > ~1.2 s the 35° PSA response become much

larger than predicted by Spudich et al. (1999), reflecting the strong influence of the LVB at rock

site JLDW, and the unusually large peak velocities in Table 6-2. Conversely, E15S acceleration

Table 6-2: JLDW Rock Ground Motion Parameters: 35°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

E15S mean 146 6.2 10,928 15.1 21.2

E15S 84% 201 9.3 15,343 17.7 27.9

N15E mean 102 3.5 9,111 18.5 21.2

N15E 84% 135 5.1 14,154 21.4 26.3

Vertical mean 125 2.4 11,233 16.5 14.3

Vertical 84% 147 3.4 15,709 20.1 16.9
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Figure 6-16:  JLDW rock site mean downstream horizontal PSA response spectra for a 35°-dipping 
northern Teton fault segment (solid).   SEA99 average horizontal component estimates for a M 7.0 
normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions.
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Figure 6-17:  JLDW rock site 84% quantile downstream horizontal PSA response spectra for a 35°-
dipping northern Teton fault segment (solid).   SEA99 average horizontal component estimates for a 
M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions.
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responses decrease more rapidly for periods < 0.5 s than Spudich et al. (1999), reflecting the

relatively large kappa of ~0.08 at site JLDW, relative to rock kappa values of ~0.04 more typically

associated with rock sites. However, peak accelerations in Figures 6-16 and 6-17 are very similar

to the Spudich et al. (1999) estimates for a M 7.0 normal-faulting earthquake.

The fault-parallel (N15E) PSAs are about 60% of the fault-normal (E15S) PSAs for periods < 1 s

indicating a significant influence from directivity (Figure 6-18), as expected for a dip slip fault

(O’Connell and Ake, 2003), but the horizontal PSAs become nearly equal at periods > 3 s; the

long-period responses are dominated by the influences of the 3D LVB and nearly independent of

horizontal component orientation. The vertical PSA have a secondary maximum between 2 s and

3 s associated with some aspect of the 3D LVB response.

PSA responses are sensitive to hypocenter position. Hypocenters near the center of the fault along

strike produce typical vertical and fault-normal (E15S) responses, but produce substantially lower

fault-parallel (N15E) responses (Figure 6-18), with 84% fault-parallel PSAs being barely larger

than mean PSAs for all hypocenter positions. Conversely, fault-parallel and fault-normal PSAs

are significantly larger for northern hypocenters (Figure 6-19). For fault-normal PSAs, PSAs

increase primarily for periods < 1s, indicating that the interaction between northern 3D LVB

structure and north hypocenter rupture times increases rupture directivity. For fault-parallel PSAs,

PSAs increase nearly uniformly for nearly all periods, indicating a strong contribution of some

aspect of the 3D LVB structure to fault-parallel ground motions. Southern hypocenters (Figures 6-

20) produce substantially lower fault-normal responses and only slightly larger fault-parallel PSA

responses. The combination of a steep LVB boundary dip, a deeper basin at the north end of the

3D LVB, and hypocenters near the northern LVB boundary, produce the strongest ground motions

at the dam and indicate that this type of velocity structure would likely produce peak acceleration

responses at the dam about 50% larger than indicated in Figures 6-16 and 6-17. Thus, the

assumptions about details of LVB margin structure strongly influence estimated ground motions

at the dam. As indicated in Section 4, there are significant uncertainties about structure of the

northern, eastern, and southwestern margins of the LVB. If the southwestern margin of the LVB

has a steeper dip and a thicker section of low-velocity sediments, peak ground motion responses

at the dam may be under predicted. Conversely, if the northeastern margins of the LVB have
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Figure 6-18:  JLDW rock site PSA response spectra for a 35°-dipping northern Teton fault segment 
for all hypocenters. Mean curves are solid and 84% quantile curves are dotted. Components are 
as labeled.
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Figure 6-19:  JLDW rock site central hypocenter PSA response spectra for a 35°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-18). Components are as labeled.
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Figure 6-20:  JLDW rock site northern hypocenter PSA response spectra for a 35°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-18). Components are as labeled.
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Figure 6-21:  JLDW rock site southern hypocenter PSA response spectra for a 35°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-18). Components are as labeled.
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shallower dips and a smaller thickness of low-velocity sediments, peak ground responses at the

dam may be overpredicted. These issues are evaluated in detail in Section 7 using earthquakes

recorded at the dam from a variety of azimuths and distances.

6.4.3.3   Northern Teton Fault Segment - 45° Dip. While fault-normal peak

velocities and Arias Intensities decrease relative to the 35°-fault-dip results, fault-parallel Arias

Intensities are larger than the 35°-fault-dip results (compare Table 6-3 to 6-2). Vertical peak

velocities decrease, but Arias Intensities are the same, compared to the 35°-fault-dip results.

Fault-normal PSA responses are about 50% larger than fault-parallel PSA responses (Figure 6-

22), indicating that rupture directivity still dominates the short-period responses at the dam. Mean

(Figure 6-23) and 84% (Figure 6-24) fault-normal PSA are lower than Spudich et al. (1999) soil

responses, but greater than corresponding rock responses for periods < 1.5 s. For periods > 2 s,

simulated PSA substantially exceed Spudich et al. (1999) soil responses, consistent with the

strong influence of the 3D LVB on long-period responses; these are large acceleration loads for

long-periods.

As was the case for a fault dip of 35°, N15E PSA responses for central hypocenters (Figure 6-25)

are substantially lower than for southern hypocenters (Figure 6-26) or northern hypocenters

(Figure 6-27). The phasing of fault rupture times, direct S-wave travel times, and LVB-edge S-

Table 6-3: JLDW Rock Ground Motion Parameters: 45°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

E15S mean 133 4.8 11,767 16.1 23.4

E15S 84% 171 7.1 16,956 18.1 33.1

N15E mean 111 4.0 10,063 18.5 21.8

N15E 84% 155 6.1 16,010 21.1 27.4

Vertical mean 105 2.4 9,605 16.3 16.7

Vertical 84% 130 3.6 14,111 19.1 20.1
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Figure 6-22:  JLDW rock site PSA response spectra for a 45°-dipping northern Teton fault segment 
using all hypocenter positions. Mean curves are solid and 84% quantile curves are dotted. 
Components are as labeled.
227 Report 2003-2



June 13, 2003 FINAL REPORT
Downstream horizontal N45 mean

0 1 2 3 4
Period (s)

0

500

1000

1500

Figure 6-23:  JLDW rock site mean downstream horizontal PSA response spectra for a 45°-dipping 
northern Teton fault segment (solid).   SEA99 average horizontal component estimates for a M 7.0 
normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions.
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Downstream horizontal N45 84%
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Figure 6-24:  JLDW rock site 84% quantile downstream horizontal PSA response spectra for a 45°-
dipping northern Teton fault segment (solid).   SEA99 average horizontal component estimates for a 
M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions.
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Figure 6-25:  JLDW rock site central hypocenter PSA response spectra for a 45°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-22). Components are as labeled.
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Figure 6-26:  JLDW rock site southern hypocenter PSA response spectra for a 45°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-22). Components are as labeled.
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Figure 6-27:  JLDW rock site northern hypocenter PSA response spectra for a 45°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-22). Components are as labeled.
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wave and surface wave travel times provide a qualitative explanation of these results. When

hypocenters are located near the ends of the LVB, a coherent wavetrain of LVB-edge waves is

preferentially generated at the hypocenter end of the LVB early in the rupture process that proceed

to propagate coherently across the LVB and constructively add to direct S-wave energy produced

later in the rupture process. For central hypocenters, LVB edge waves are generated much later in

the rupture process and have less opportunity to add to direct S-wave energy associated with

rupture of the fault, since most direct S-waves will have arrived at the JLDW prior to the arrival of

the LVB edge-waves. The differences in the onset times of rupture for different hypocenter

positions also explains the amplified short-period fault-normal PSA responses for northern

hypocenters (Figure 6-27). Since the northern edge of the LVB is located closer to the dam than

the southern end of the LVB (Figure 6-4), the LVB-edge S-waves generated at the north end of the

LVB for early portions of the fault rupture can add energy to direct S-waves from later rupture

beneath the dam, increasing the influence of directivity on the short period fault-normal, fault-

parallel, and vertical PSA (Figure 6-27). Since the EGFs were used to construct the > 1 Hz

responses and contain a wide variety of LVB-edge S-wave amplitudes and time moveouts relative

to the direct S-wave arrival, the < 1 s PSA responses may be significantly underestimated because

LVB-edge S-waves would likely have more systematic move-outs, amplitudes, and phasing that

represented by the random summing of eight EGF responses.

The southern hypocenters produce very large (> 1 g at 84%) 2-2.5 s period vertical PSA

responses, relative to other hypocenter positions (Figure 6-26). The southern end of the LVB is

about twice as far from the dam as the northern end of the LVB (Figure 6-4). As noted in Section

4, LVB-edge Rayleigh waves develop only large amplitudes at the dam for the microearthquake

source near the southeast edge of the LVB. It is likely that the very large 2-2.5 s period vertical

PSA responses for southern hypocenter are a product of LVB-edge Rayleigh wave response

generated at the southern end of the LVB. These vertical responses have PSA comparable to peak

short period (< 1 s) vertical responses. Amplification of 2-2.5 s period vertical PSA responses is

more subtle for a fault dip of 35° (Figure 6-21), indicating a very strong dependence of vertical

LVB response to Teton fault dip, when rupture of the northern Teton fault segment initiates in the

southern portion of the fault segment.
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6.4.3.4   Northern Teton Fault Segment - 60° Dip. Peak ground motions are smaller

for a Teton fault dip of 60° than for fault dips of 35° or 45° (Table 6-4). Peak velocities and Arias

Intensities are nearly identical on the two horizontal components of ground motion. Only

cumulative kinetic energy is substantially larger on the fault-normal (E15S) component relative to

the fault-parallel (N15E) component, indicating a smaller influence of rupture directivity and a

proportionally larger influence of the 3D LVB on ground motion responses. Fault-normal (E15S)

PSA responses are peaked at ~0.5 s (Figure 6-28), indicating that directivity does mildly amplify

short period responses. Fault-parallel (N15E) PSA responses increase slightly at short periods (<

1 s), but have remarkably constant PSA responses between 1 s and 3 s period, indicating

significant amplification of > 1 s responses by the 3D LVB. As seen with the 35° and 45° Teton

fault dip cases, fault-parallel responses for central hypocenters (Figure 6-29) are substantially less

than PSA responses for hypocenters near the ends of the fault segment, particularly hypocenters

near the southern end of the fault (Figure 6-30). In the case of a fault dip of 45° both southern and

northern hypocenters produced amplified fault-parallel PSA responses (Figures 6-26 and 6-27). In

contrast to the case of a 60° fault dip, for a fault dip of 35° hypocenters at the northern end of the

fault produced the largest fault-parallel responses (Figure 6-20). Thus, there is a very strong

dependence of fault-normal motions on fault dip and hypocenter position. For a fault dip of 60°,

hypocenters at the northern end of the rupture segment produce PSA closest to the simulated

Table 6-4: JLDW Rock Ground Motion Parameters: 60°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

E15S mean 96 2.7 9,366 18.3 24.8

E15S 84% 122 3.9 14,100 23.0 33.8

N15E mean 84 2.6 5,616 19.5 26.0

N15E 84% 116 3.9 8,510 22.4 36.0

Vertical mean 76 1.8 4,819 15.9 20.0

Vertical 84% 98 2.6 ,7220 18.7 28.2
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Figure 6-28:  JLDW rock site PSA response spectra for a 60°-dipping northern Teton fault segment 
using all hypocenter positions. Mean curves are solid and 84% quantile curves are dotted. 
Components are as labeled.
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Figure 6-29:  JLDW rock site central hypocenter PSA response spectra for a 60°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-28). Components are as labeled.
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Figure 6-30:  JLDW rock site southern hypocenter PSA response spectra for a 60°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-28). Components are as labeled.
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mean and 84% PSA responses for all hypocenter positions (Figure 6-31). Vertical PSA responses

to southern hypocenters are strongly amplified between 1.5 s and 3 s period for a fault dip of 60°

(Figure 6-30), similar to the southern hypocenter vertical PSA results for a fault dip of 45° (Figure

6-26), but extending over a broader period range.

The rupture area for the 60°-dipping fault is nearly half the rupture area of the 35°-dipping fault,

and for a 60° dip none of the fault projects beneath the dam (Figure 6-4). Consequently, mean

(Figure 6-32) and 84% (Figure 6-33) horizontal response spectra are general lower than Spudich

et al. (1999) rock responses. The site to source distance definition for Spudich et al. (1999) only

changes to 2 km for a 60° fault dip from 0 km for 35° and 45° fault dips. Consequently, the

Spudich et al. (1999) relations do not predict the reduced short period directivity indicated by the

simulated ground motions because the distances, defined using the criteria of Joyner et al. (1994),

hardly change. Joyner et al. (1994) intended distance to act as a proxy for directivity (W. Joyner,

pers. comm.), as opposed to concocting a hanging wall definition of directivity, such as

Abrahamson and Silva (1997). Consequently, the Spudich et al. (1999) relations probably

overpredict the influences of directivity for a fault dip of 60° and may underpredict directivity

effects for a fault dip of 35°. Both mean and 84% PSA responses on both horizontal components

substantially exceed Spudich et al. (1999) PSA responses for periods > 2 s.

6.4.4   Comparison of Linear Ground Motions for Varying Fault Dips.  The assumed

dip of the northern Teton fault segment strongly influences peak ground motion responses. Fault-

normal component peak ground motion responses for a dip of 35° are 50% to 100% larger than

corresponding responses for a dip of 60° in the 0.5 s to 2.0 s period range (Figure 6-34) ; fault-

parallel responses are about 30% larger for periods < 1 s and > 3 s and vertical responses are about

20% larger. The net effect of systematically increasing both horizontal peak responses for a dip of

35° relative to a dip of 60° is that peak horizontal acceleration responses are about twice as large

for a fault dip of 35°. PSA responses for a fault dip of 45° are also systematically higher than 60°

responses (Figure 6-35); peak horizontal PSA responses for a fault dip of 45° are systematically

about 50% larger than 60° fault dip responses for periods < 2 s. The smallest changes in PSA

responses occurs between dips of 35° and 45° (Figure 6-36). Fault-normal PSA responses

generally increased only about 20%-30% for periods < 2 s when dip was reduced from 45° to 35°,
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Figure 6-31:  JLDW rock site northern hypocenter PSA response spectra for a 60°-dipping northern 
Teton fault segment (black). Red curves are reference mean (solid) and 84% quantile (dotted) 
results using all hypocenters (from Figure 6-28). Components are as labeled.
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Figure 6-32:  JLDW rock site mean PSA horizontal response spectra for a 60°-dipping northern Teton 
fault segment.   The E15S component is solid and the N15E component is gray. SEA99 average 
horizontal component estimates for a M 6.9 normal-faulting earthquake are shown for soil (dotted) 
and rock (dashed) site conditions.
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Figure 6-33:  JLDW rock site 84% quantile PSA horizontal response spectra for a 60°-dipping northern 
Teton fault segment. The E15S component is solid and the N15E component is gray. SEA99 
average horizontal component estimates for a M 6.9 normal-faulting earthquake are shown for soil 
(dotted) and rock (dashed) site conditions.
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Figure 6-34:  JLDW rock site ratios of 35°-to-60°-dipping northern Teton fault segment PSA response 
spectra. Mean curves are solid and 84% quantile curves are dotted for components as labeled.
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Figure 6-35:  JLDW rock site ratios of 45°-to-60°-dipping northern Teton fault segment PSA response 
spectra. Mean curves are solid and 84% quantile curves are dotted for components as labeled.
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Figure 6-36:  JLDW rock site ratios of 35°-to-45°-dipping northern Teton fault segment PSA response 
spectra. Mean curves are solid and 84% quantile curves are dotted for components as labeled.
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fault-parallel motions actually decreased 10%-20%, and vertical motions showed modest

changes. Thus, the largest change in peak ground motion acceleration responses is between fault

dips of 60° (smallest peak response) to 45°. The 60° fault dip peak responses do show potentially

very large long-period vertical responses that are larger over a broader range of periods than for a

fault dip of 45°, but otherwise, both the 45° and 35° fault dip PSA responses are much larger than

the 60° fault dip PSA responses. If definitive constraints on fault dip become available,

particularly if the fault dip is found to be about 60°, then seismic loads at Jackson Lake Dam are

likely to be significantly smaller than those recommened for dynamic analyses of the dam in the

next section.

6.5  Ground Motions for Dynamic Analyses of the Concrete Portion of Jackson Lake Dam. 

Jackson Lake Dam is a complex dam consisting of concrete and embankment sections founded on

rock and soil. The concrete section of the dam is primarily founded on overcompacted glacial till

and tuff with ~1 km/s near-surface shear wave velocities similar to site JLDW (Sirles, 1986).

Ground motions for use in engineering analyses of the embankment section are provided in the

Section 6.6. Ground motion developed using the responses calculated at site JLDW are presented

here for use in engineering analyses of the concrete section of the dam.

The northern section of the concrete section of the dam is located adjacent to site JLD2, which

shows some amplification relative to site JLDW (Section 5). While this report provides ground

motions with JLDW site characteristics for engineering analyses of the concrete section of the

dam, it may also be valuable to use these JLDW ground motions convolved with JLD2 responses

for dynamic engineering analyses. While ground motions modified to contain the amplification

observed at station JLD2 are not provided in this report, they can be produced if needed.

There are no M ~7 normal-faulting ground motion recordings from hanging wall sites located in

low-velocity basins (Spudich et al., 1999). Consequently, other ground motion sources must be

used to supply three-component acceleration time histories suitable for dynamic analyses of the

concrete portion of the dam founded on “rock”. Two broadband synthetic ground motions

produced in Section 6.4 are selected for dynamic analyses of the concrete portion of the dam and
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one strong motion recording is recommended to provide extended high-frequency durations

absent from the synthetic ground motions.

Since the peak ground motions strongly dependent on the assumed dip of the Teton fault, it is

necessary to decide which dip scenario is most representative of expected ground motions at the

dam. As discussed in Section 2, worldwide M > 5.5 earthquake data for normal-faulting

earthquakes indicate that normal-fault dips of ≤ 50° comprise 76% of the normal-faulting

earthquakes (Collettini and Sibson, 2001). The focal mechanism data in Section 3 allow for a

Teton fault dip of 25° to 60°, but do not place strong constraints on fault dip. As discussed in

Section 4, detailed waveform modeling of two earthquakes suggest that the northern Teton fault

segment dips < 50°. Normal fault dips vary widely in the western United States. Abbott et al.

(2001) suggest that the 16 Dec. 1954 M 6.8 Dixie Valley earthquake, Nevada, occurred on a 30°-

dip normal fault. However, Doser (1986) found that the nearby 16 Dec. 1954 M 7.1 Fairview peak

earthquake occurred on an oblique-slip normal fault dipping 60° and the largest magnitude

Rainbow Mountain earthquake, M 6.8 24. Aug. 1954, occurred on an oblique-slip normal faulting

dipping 50°. The primary difference between these three normal faults is that purely normal slip

was inferred for the 30°-dip Dixie Valley fault and oblique normal-slip was inferred for the more

steeply-dipping normal faults. Doser and Smith (1989) studied source parameters for 50 M ≥ 5.5

earthquakes in the cordillera of the western United States and found that fault dips were ≥ 38° and

found no evidence for listric low angle planer faulting (very low dips). The largest ISB crustal

normal-faulting earthquake with a well constrained focal mechanism is the 1983 M 7.3 Borah

Peak, Idaho, earthquake with a inferred dip of 45° (see Doser and Smith, 1989, for complete

references). The local and region evidence for normal-faulting dip suggests that the 35° and 45°

fault dip ground motion scenarios represent the most likely dip scenarios for the Teton fault. In

view of the lack of any definitive information indicating that the northern Teton fault rupture

segment dips > 50°, the 60° fault dip ground motion scenarios are not discounted for the purposes

of recommending ground motions for dynamic analyses of Jackson Lake Dam. Although a fault

dip of 45° is plausible, the ground motions producing using a fault dip of 35° are recommended

for dynamic analyses of Jackson Lake Dam for the following reasons:
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1. Doser and Smith (1989) found that unilateral rupture dominated M ≥ 5 earthquake

ruptures in the extensional region of the western United States. The ground motion

simulations in Section 6.4 showed larger acceleration responses for unilateral rupture

scenarios, because LVB-edge S-waves and surface waves coincide with direct S-wave

arrivals from fault rupture in most of the central portion of the fault, amplifying acceleration

ground motion responses. Using global earthquake data, McGuire et al. (2002) conclude

that about 80% of the ruptures of M ≥ 7 earthquakes since 1994 where unilateral. Thus, the

larger peak motions produced by a 35° fault dip serve as approximations to the amplified

45° fault dip motions associated with unilateral fault rupture.

2. Experimentation with correlated-random velocity randomization of the LVB in the 2D

finite-difference ground motion simulations in Section 4 showed that fractal velocity

randomizations with standard deviations of about 9% could reproduce the long coda

durations observed in microearthquake recordings at station JLDW. It would be necessary

to run a suite of velocity randomizations of the 3D crustal velocity model to investigate the

influence of random velocity variations on peak ground motion amplitudes and ground

motion durations. Since each 3D Green’s function calculation required several days to

compute and more time to setup and process, it was not feasible to conduct such an

investigation and maintain the project schedule. Synthetic ground motion durations are

likely underestimated because most the 3D crustal velocity model is relatively smooth, and

because it was necessary to limit the total duration of the EGFs to accomplish the ground

motion simulations in a timely fashion. Consequently, the synthetic ground motion

durations for a fault dip of 35° are likely more representative of expected ground motion

durations for a fault dip of 45°, and synthetic ground motion durations for a fault dip of 45°

are more likely to represent expected ground motion durations for a fault dip of 60°.

Consequently, the 35°-dipping Teton fault results are most likely to contain durations

adequate for dynamic analyses of Jackson Lake Dam.

3. Normal fault ruptures are likely to be more complex than the kinematic rupture models

used to simulation ground motions in Section 6.4. Oglesby et al. (1998; 2000) considered

the consequences of the free surface on the dynamic rupture characteristics of dipping faults
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using 2D and 3D finite-element models. One consequence of the free-surface boundary

condition on stress is that for normal faults with dip angles between about 30° and 75°, fault

rupture proceeding from the bottom of the fault toward the free surface brings the fault near

the free surface closer to failure than it would have been in a whole space. This effect is

predominantly due to the decrease in normal stress on the fault with a resultant decrease in

the yield frictional stress. In some circumstances, this effect can lead to the rupture front

jumping ahead (a secondary nucleation) near the free surface of a normal fault. After

rupture proceeds downdip from the free-surface, normal stresses increase behind the rupture

(Oglesby et al., 1998), which may cause the downdip rupture region to heal near the surface

prior to the onset of updip rupture, in effect producing two distinct slip events along the

shallow portions of the fault. This dynamic rupture behavior may explain the tendency for

some normal faults to produce surface slips that appear out of proportion relative to the

surface scarp lengths (Wells and Coppersmith, 1994). The implications for ground motions

at Jackson Lake Dam is that excitation of LVB-edge S-waves near the Teton fault could

occur twice during an earthquake, once when rupture jumps to the free surface and proceeds

down dip, and once when rupture preceding updip and intersects the free surface. As shown

in Section 4, S-waves produced along the shallow portion of the Teton fault produce large-

amplitude LVB-edge S-waves at the dam, due to the focusing effects of the LVB structure.

The dynamic rupture simulations results for normal faults of Oblesby et al., (1998;),

specifically the tendency for rupture to discontinuously jump to the free surface and

produce enhanced slip and multiple slip velocity pulse in the shallow region of the normal

fault, were reproduced using the 3D finite-difference approach of Andrews (1999). The

results are unlikely to change for different constitutive laws for fault slip (Bizzarri et al.,

2001). Since these normal-faulting dynamic slip velocity effects are not included in the

kinematic rupture model used to synthesize ground motions at the dam, a reasonable

conclusion is that the simulated peak ground motions provide lower bounds on ground

motion amplitudes at the dam, and may underestimate peak velocities and accelerations at

the dam. In view of these factors, it appears that the peak amplitudes associated with the

35°-dipping Teton fault are likely to be more representative of ground motion associated

with a 45°-dipping fault, and peak amplitudes associated with the 45°-dipping Teton fault

are likely to be more representative of ground motions associated with a 60°-dipping Teton
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fault. Consequently, the 35°-dipping Teton fault results are most likely to contain adequate

durations to use for dynamic analyses of Jackson Lake Dam.

4. The rock motions were simulated for the rock reference site JLDW, which is located

~200 m east of the easternmost section of Jackson Lake Dam. As shown in Section 6.4,

peak ground motion amplitudes decrease east of the dam. Consequently, rock motions at

Jackson Lake Dam will probably be moderately larger than ground motions computed at

site JLDW. This is another factor that supports substituting lower-dip ground motion

estimates for the next larger dip to provide more representative seismic loads at the dam. 

5. The summation of the EGF’s LVB-edge S-waves is probably less constructive than

would occur in practice since the EGF’s are aligned on the first S-wave arrival, and the

LVB-edge S-waves have travel-time moveouts that varying systematically between ~3 s

and ~6 s, depending on the position of the fault source relative to the site. In contrast the

EGF’s have a wide variety of LVB-edge S-wave moveouts and are selected at random at

each point-source integration point. Consequently, the EGF ground motions are likely to

underestimate peak amplitudes somewhat, particularly in the 1 Hz to 6 Hz frequency band

where coherent LVB-edge S-waves where observed and modeled in Section 4 using 2D

finite-difference methods.

6. The EGF’s were low-pass filtered at 6 Hz to ensure convergence of the point-source

summations at high frequencies. Consequently, peak acceleration are likely lower bounds

because there will be a nonzero contribution of frequencies > 6 Hz to ground motions that

was not included in the simulated ground motions. This should not be a large effect because

the site kappa estimated from the site responses at the JLDW rock site are large, on the

order of 0.08, so seismic energy for frequencies > 6 Hz is naturally attenuated, although not

as strongly as in the simulated ground motions.

In light of these seismic source and wave propagation complications, and the practical realities of

simulating ground motions, the simulated 45°-fault-dip and 60°-fault-dip ground motions are

discounted for the purposes of providing ground motions suitable for dynamic analyses of the

dam. Our judgement is that the 35°-dipping ground motions are probably most representative of
249 Report 2003-2



June 13, 2003 FINAL REPORT
expected ground motions for faults dips < 50°, the most likely range of dips for the Teton fault,

based on world-wide distributions of normal fault dips (Section 2) and the limited inferences that

can be made about Teton fault dip from microearthquake data (Sections 3 and 4). 

Response spectra from the 3300 simulated ground motions with a fault dip of 35° where

compared to the mean and 84% response spectra to find the ground motion simulations that

produced horizontal response spectra that most closely resembled mean and 84% PSA responses.

Since the E15S horizontal component consistently had the largest PSA responses, it was used to

as the basis for comparison. A simulated ground motion was found that closely reproduced the

mean E15S PSA response from the 3300 simulations (Figure 6-37). The PHA (Figure 6-38) and

PHV (Figure 6-39) responses are close to mean responses for a dip of 35° (PHA are the zero

period PSA values). The acceleration time histories in Figure 6-38 were high-pass filtered to

eliminate permanent displacement so these ground motions were compatible with typical

requirements of dynamic engineering analyses programs. Consequently, the displacement

seismograms (Figure 6-40) do not contain the significant permanent displacements associated

with translation of the hanging wall during faulting. Significant accelerations, velocities, and

displacements persist for > 60 s. These synthetic ground motions become artificially depleted of

high-frequency responses after about 30 s because of the ~13.5 s limit on the EGF durations used

in the ground motion simulations. However, it is expected that the predominant period of the

ground motions will progressively shift toward longer periods with increasing time as large-scale

LVB responses dominant the responses after ~35 s, just not as abruptly as indicated in Figures 6-

38 and 6-39. 

A simulated ground motion was found that closely reproduced the 84% E15S PSA response from

the 3300 simulations (Figure 6-41). The durations of high-frequency accelerations (Figure 6-42)

are shorter (~50 s of significant acceleration response) than for the mean scenario (Figure 6-38),

consistent with amplification associated with rupture directivity producing the stronger 84% peak

responses. Peak velocities are on the N15E component, although velocities > 100 cm/s persist

longer on the E15S component (Figure 6-43). Strong velocities (> 20 cm/s) persist for ~40 s on

the E15S and vertical components, indicating a strong response from the LVB (Figure 6-43), as is

also evident in the horizontal displacements (Figure 6-44).
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Figure 6-37:  JLDW rock site PSA response spectra corresponding to the mean acceleration 
seismograms.Components are labeled with time history filename and component orientation. The 
arithmetic mean of the 3300 simulated response spectra for the upstream component for a fault dip of 
35° are plotted as the grey curve for comparison at the top.
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Figure 6-38:  JLDW rock site mean acceleration seismograms for dynamic analyses of Jackson Lake 
Dam. Components are labeled with time history filename and component orientation, with horizontal 
components orientated upstream and cross canyon (along the dam axis). These seismograms 
correspond to the best-fitting acceleration response spectra to the mean of 3300 response spectra for a 
fault dip of 35°.
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Figure 6-39:  JLDW rock site mean velocity seismograms for dynamic analyses of Jackson Lake Dam. 
Components are labeled with time history filename and component orientation, with horizontal 
components orientated upstream and cross canyon (along the dam axis). These seismograms 
correspond to the best-fitting response spectra to the mean of 3300 acceleration response spectra for 
a fault dip of 35°.
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Figure 6-40:  JLDW rock site mean displacement seismograms for dynamic analyses of Jackson Lake 
Dam. Components are labeled with time history filename and component orientation. These 
seismograms correspond to the best-fitting response spectra to the mean acceleration response spectra 
for a fault dip of 35°.
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Figure 6-41:  JLDW rock site PSA response spectra corresponding to the 84 percentile acceleration 
seismograms.Components are labeled with time history filename and component orientation. The 
84% quantile from 3300 response spectra for the upstream component for a fault dip of 35° are 
plotted as the grey curve for comparison at the top.
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Figure 6-42:  JLDW rock site 84 percentile acceleration seismograms for dynamic analyses of Jackson 
Lake Dam. Components are labeled with time history filename and component orientation, with 
horizontal components orientated upstream and cross canyon (along the dam axis). These 
seismograms correspond to the best-fitting acceleration response spectra to the 84 percentile response 
spectra from 3300 ground motion simulations for a fault dip of 35°.
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Figure 6-43:  JLDW rock site 84 percentile velocity seismograms for dynamic analyses of Jackson Lake 
Dam. Components are labeled with time history filename and component orientation, with horizontal 
components orientated upstream and cross canyon (along the dam axis). These seismograms 
correspond to the best-fitting acceleration response spectra to the 84 percentile response spectra from 
3300 ground motion simulations for a fault dip of 35°.
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Figure 6-44:  JLDW rock site 84 percentile displacement seismograms for dynamic analyses of Jackson 
Lake Dam. Components are labeled with time history filename and component orientation, with 
horizontal components orientated upstream and cross canyon (along the dam axis). These 
seismograms correspond to the best-fitting acceleration response spectra to the 84 percentile response 
spectra from 3300 ground motion simulations for a fault dip of 35°.
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These synthesized mean and 84% ground motions are solely intended for use in dynamic analyses

of the concrete portion of the dam, particularly the southern half of the concrete section. The

northern end of the concrete section experiences amplified and prolonged ground motion

responses associated with the close proximity of the very-low-velocity glacial scour to the

northern end of the concrete section. There are likely to be significant soil-structure interactions at

the northern end of the concrete section of the dam (Wolf and Song, 1996). One way to account

for the foundation complications on ground motion inputs into the northern concrete section of

the dam would be to convolve three-component JLD2 site responses with the mean and 84%

ground motions in Figures 6-37 to 6-44. 

A significant concern with the synthesized ground motions is that the high-frequency durations

are probably too short. To address this concern a ground motion recording is also recommended

exclusively for use in the dynamic analyses of the concrete portion of the dam that contains

significant high frequency duration. The Llolleo station recordings of the 1985 M 8 Chilean

subduction earthquake is one of the few such long-duration acceleration strong motion records

available (Figure 6-45). It provides a long duration consistent with LVB responses and has been

recommended for dynamic analyses in Seattle (SAC Steel Project, 1997). However, it lacks the

significant peak velocity (Figure 6-46) and displacement (Figure 6-47) responses expected at the

dam, and is intended primarily to tests the sensitivity of the concrete section of the dam to

prolonged short-period shaking. The Llolleo record should not be used for dynamic analyses

beyond the stage of initiation of cracking, particularly to estimate total displacements, since it

clearly lacks the substantial velocities and displacements characteristic of ground motions at

Jackson Lake Dam. Inadequate peak velocities and displacements are reflected in the relatively

low Llolleo PSA responses for periods > 0.8 s (Figure 6-48). The orientation of the horizontal

components was selected to assign the peak responses to the E15S component for dynamic

analyses. The short period (< 0.4 s) acceleration responses on the E15S component exceed target

mean and 84% PSA responses (Figure 6-48), but peak N15E responses are less than peak 84%

PSA response.
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Figure 6-45:  Llolleo, Chile, acceleration seismograms for dynamic analyses of the concrete section of 
Jackson Lake Dam. Components are labeled with time history filename and component orientation. 
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Figure 6-46:  Llolleo, Chile, velocity seismograms for dynamic analyses of Jackson Lake Dam. 
Components are labeled with time history filename and component orientation, with horizontal 
components orientated upstream and cross canyon (along the dam axis). 
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Figure 6-47:  Llolleo, Chile, displacement seismograms for dynamic analyses of Jackson Lake Dam. 
Components are labeled with time history filename and component orientation, with horizontal 
components orientated upstream and cross canyon (along the dam axis). 
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Figure 6-48:  Response spectra corresponding to the Lloleo acceleration seismograms.Components are 
labeled with time history filename and component orientation. The synthetic 84% quantile and mean 
response spectra for the upstream component for a fault dip of 35° are plotted as the black and grey 
curves, respectively, for comparison at the top (Llolleo responses are the thin black curves).
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6.6  Inputs for Nonlinear Ground Motion Calculations

As discussed in Sectoin 6.1, the finite-difference code NOAH is used to approximate nonlinear

soil responses. The site response investigations in Section 5 showed that low-velocity fluvial-

lacustrine deposits beneath the embankment portion of the dam amplify ground motions and

significantly increase durations, relative to the JLDW rock site (Figure 6-49). Synthetic modeling

of the observed long duration ground motions near the embankment section in Section 5 showed

that the durations are probably produced by glacial-scour-edge S-waves and horizontally-

propagating interface waves, including Stonely waves that radiate energy to the surface from first-

order velocity discontinuities and vertical velocity gradients located at depths > ~25 m. The

glacial-scour-edge Rayleigh waves produce large amplitude, broadband Airy phases. Stonely

waves are freely propagating interface waves with evanescent decay away from the interface into

the media on either side; they are not body waves. The Stonely waves attenuate very slowly, even

for Q’s of 5, and may not be significantly influenced by soil nonlinearity. Stonely waves cannot be

modeled with SHAKE or NOAH. Consequently, the prolonged soil durations associated with

Stonely wave energy must be included in the input ground motion to 1D programs like SHAKE

and NOAH. The glacial-scour-basin-edge S-waves propagate primarily below 25 m depth and

produce strong high-frequency amplitudes for portions of the embankment dam located with 1 km

of the southern margin of the glacial scour. Consequently, the most probable scenario is that

ground motions impinging on the low-velocity shallow nonlinear soils will have durations

comparable to those observed in the weak motion surface recordings presented in Section 5.

Time-frequency plots calculated using 1.6 s time windows centered on each time point, illustrate

significant differences in the amplitudes and durations between the JLDW rock site (Figures 6-49

and 6-50) and the JLD3 soil site (Figures 6-40 and 6-51). The durations of frequencies > 3 Hz is

~2.5 times longer for JLD3 than JLDW. The duration of 1 Hz responses at JLD3 is 3 times longer

than at station JLDW. JLD3 spectral amplitudes that are about half of the peak 0.5-to-1 Hz

spectral amplitude in the JLD3 seismogram persist for about 60 s.

Three scenarios were used to construct ground motions for use in nonlinear soil calculations to

bracket the ranges of possible ground motion inputs into nonlinear soils (Table 6-5). In scenarios

1 and 3, halving the surface motion amplitudes removes the nominal free surface amplification.
Jackson Lake Dam 264
Ground Motion Evaluation



FINAL REPORT June 13, 2003
JLD3 versus JLDW

0 20 40 60 80
Time (s)

-0.004

-0.002

0.000

0.002

0.004
Ve

lo
ci

ty
 (c

m
/s

)

Figure 6-49:  East horizontal component microearthquake velocity seismograms for JLDW and JLD3. 
JLDW is black and JLD3 is red. 
265 Report 2003-2



June 13, 2003 FINAL REPORT
JLDW_East

0 10 20 30 40
-0.004

-0.002

0.000

0.002

0.004
Ve

lo
ci

ty
 (c

m
/s

)

0 10 20 30 40
Time (s)

0

2

4

6

8

10

Fr
eq

ue
nc

y 
(H

z)

0 10 20 30 40
Time (s)

0

2

4

6

8

10

Fr
eq

ue
nc

y 
(H

z)

0 1.05*10 -4 2.11*10 -4 3.16*10 -4
Fourier amplitude (cm/s/Hz)

Figure 6-50:  Time-frequency for the JLDW east-component seismogram from Figure 6-49. The 
amplitude scales are the same as in Figure 6-51 for the corresponding JLD3 seismogram.
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Figure 6-51:  Time-frequency for the JLD3 east-component seismogram from Figure 6-49. The 
amplitude scales are the same as in Figure 6-50 for the corresponding JLDW seismogram, but the 
duration is about twice as long as in Figure 6-50.
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Since the JLDW responses are at the free surface on the same type of material (glacial till) as the

material at 140 m depth below the soil, halving the rock responses is reasonable. However, since

the incident ground motions are predominantly composed of P-SV waves, and not SH waves,

halving can overcorrect for the free-surface amplification, and always over corrects at long

periods; halving is appropriate for high frequencies for input motions at 140 m depth. For

scenarios 2 and 3, the rock responses were convolved with JLD3 responses to obtain reasonable

soil durations and scaled as 2/3 of half of the surface responses or half of the surface responses.

Scaling by 2/3 in scenario 2 was done to compensate for the ~50% amplification of the input peak

velocities at the surface by 1D SH propagation (obtained by running weak motion responses

through NOAH with the soil compaction velocity profile). Scenario 3 provides a larger input

scaling (only removing the free-surface amplification) that accounts for the failure of a 1D SH

propagation approach to fully reproduce observed soil amplifications. The rock durations in

scenario 1 are very likely to be too short, but combined with the soil durations in scenarios 2 and

3 provide a means to crudely bracket possible durations. Scenarios 2 and 3 are probably most

representative of expected soil responses. To account for elastic boundary conditions at the

bottom of the NOAH models, all the input motions were scaled by an additional 0.65 to reproduce

the intended subsurface rock peak amplitudes immediately above 140 m depth.

Two velocity models were used to approximate the conditions in the compacted soil beneath the

embankment (Figure 6-52) and the soil mix walls (Figure 6-53). Obviously, the simplest realistic

configuration would require a 2D calculation method to account for the mass and shape of the

dam and for the lateral variations in the upstream-downstream direction. Laterally from upstream

to downstream, conditions vary from untreated soils upstream of the dam, with near-surface S-

wave velocities of ~80-100 m/s (Sirles, 1988), a ~16 m-wide upstream soil mix wall, with S-wave

Table 6-5: Ground Motion Input Scenarios for Nonlinear Soil Calculations

Scenario number. Characteristics. 

1 Half amplitude, rock duration

2 2/3 * Half amplitude, soil duration

3 Half amplitude, soil duration
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Figure 6-52:  NOAH velocity-density depth model for the compaction region. The model extends from 
the free surface to the high-velocity till at 138 m depth. S-wave velocity is the solid curve, P-wave 
velocity is the dotted curve, and density is the dash-dot curve. Dotted horizontal lines show the upper 
and lower limits of the low-velocity region with nonzero porosity.

porosity = 0.45
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Figure 6-53:  NOAH velocity-density depth model for the soil mix wall region. The model extends from 
the free surface to the high-velocity till at 138 m depth. S-wave velocity is the solid curve, P-wave 
velocity is the dotted curve, and density is the dash-dot curve. Dotted horizontal lines show the upper 
and lower limits of the low-velocity region with nonzero porosity. The upper horizontal dotted line 
shows the bottom of the soil mix wall (SMW) and the horizontal dashed line shows the bottom of the 
upper, low-velocity portion of the SMW.

porosity = 0.45

Lower SMW

Upper SMW
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velocities of ~660 m/s to a depth of ~8 m and S-wave velocities of ~910 m/s to a depth of ~20 m

(Wright, 1990), a ~30 m-wide compacted soil zone beneath the central embankment section with

S-wave velocities of ~275 m/s to a depth of ~10 m and S-wave velocities of ~138 m/s to a depth

of ~27 m (Dave Gillette, personal communication), a 16 m-wide downstream soil mix wall with

the same properties as the upstream soil-mix wall, and untreated downstream materials with near-

surface S-wave velocities of ~80-100 m/s (Sirles, 1988). Soil-structure interactions between the

soil mix walls and adjoining compacted and untreated soils are likely to complicate responses in

all materials relative to the 1D approximations used in SHAKE and NOAH. For instance, ground

motions at station JLD4 located on a soil mix wall was deamplified for frequencies > 1 Hz

relative to motions at station JLD3, located ~28 m downstream of JLD4 on untreated soil (Section

5). Consequently, peak motions near the center of the soil mix walls may be lower than calculated

in the 1D approximation, but compacted soil responses are likely to be underestimated (the soil

mix walls will likely focus energy into the compacted soils beneath the dam, particularly for

frequencies > 1 Hz). The water table is placed at a depth of 2 m, but the soil mix walls and

compacted soil are assumed to be always dry (zero porosity). Only the low-velocity layer below

the soil mix walls and compacted soil are assign a nonzero porosity of 0.45 (Figures 6-52 and 6-

53).

The synthetic rock reference site ground motions and the recording of the 1978 M 7.4 Tabas, Iran,

earthquake were combined with the empirical site response information from Section 5 to develop

ground motion time histories for input into nonlinear soil responses calculations using NOAH and

SHAKE. Only NOAH effective stress results, which account for pore pressure (Bonilla et al.,

1998; Bonilla, 2000), are presented in this report. The approximated impulse response function

obtained by deconvolving the station JLDW east horizontal component from the soil station JLD3

described in Section 5 was convolved with the three rock site ground motions, and rescaled to

produce scenarios 2 and 3 inputs for nonlinear calculations at 140 m depth (Figures 6-54 to 6-56

show scenario 3 seismograms). NOAH results were also produced using the three rock motions

divided by two as inputs at 140 m depth. The nonlinear rock motion inputs are solely used to

provide a lower bound on soil responses. The rock motions lack the soil amplification and

duration responses characteristic of the soil responses at JLD3 and the 1D SH approximations

used in NOAH and SHAKE are not sufficient to convert rock durations to realistic soil durations.
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Figure 6-54:  Mean JLDW E15S rock motion velocity (a) and acceleration (b) convolved with the JLD3 
soil response transfer function. The resulting motion was rescaled by half for input into NOAH (c-d).
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Figure 6-55:  84% JLDW E15S rock motion velocity (a) and acceleration (b) convolved with the JLD3 
soil response transfer function. The resulting motion was rescaled by half for input into NOAH (c-d).
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Figure 6-56:  Tabas E15S rock motion velocity (a) and acceleration (b) convolved with the JLD3 soil 
response transfer function. The resulting motion was rescaled by half for input into NOAH (c-d).
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Only summary results are presented in this section. The NOAH inputs and outputs for scenarios

1-3 are presented in Appendix E and UCSB nonlinear soil analyses are presented in Appendix F. 

6.6.1   Nonlinear Compacted Soil Zone Results. Nonlinear NOAH JLD3 site-response

input results for the compacted soil zone velocity model (Figure 5-52) are summarized in Figure

6-57. The minimum peak acceleration in the lower portion of the compaction layer is > 0.4 g

(Figure 6-57). Arias Intensities and durations in portions of the compaction layer are always

larger than corresponding rock motions (Tables 6-2 to 6-4) and approach values associated with

M ~8 earthquakes based on the relations of Kayen and Mitchell (1997) and Bommer and

Martinez-Pereira (1999). Since peak accelerations are often dominated by frequencies > 10 Hz,

response spectra for periods of 0.2 s, 0.5 s, 1 s, and 2 s are presented in Figure 6-58 to provide

relevant acceleration loads for the dam. For periods of 1 s and longer, the PSA exceed 0.4 g for all

JLD3 response inputs. Comparison of the nonlinear NOAH rock site-response input results for the

compacted soil zone velocity model in Figure 6-59 with the JLD3 response input results in Figure

6-57 show the influence of input ground motion duration on calculated soil responses. For rock

motion inputs, Arias Intensities and durations are generally a two-thirds to half of the JLD3

response inputs. Minimum peak accelerations are only slightly smaller in the compaction layer,

but maximum peak shear strains are strongly reduced using rock input motion durations (Figure

6-59). Duration also strongly influences PSA responses. Figure 6-60 shows that the shorter rock

input durations produced reduced PSA responses. The rock input results likely underestimate soil

responses because they lack the long soil durations that are result of horizontally-propagating

trapped waves propagating at various depths within the ~140 m deep low-velocity glacial scour.

Consequently, the JLD3 response input results (Figures 6-57 and 6-58) are more likely to

represent expected responses at the dam.

6.6.2   Nonlinear Soil Mix Wall Results. Nonlinear NOAH JLD3 site-response input

results for the soil mix wall velocity model (Figure 5-53) are summarized in Figure 6-61.

Minimum Arias durations are somewhat longer than rock motions, but minimum Arias Intensities

are larger than for rock motions. Minimum peak accelerations exceed 0.2 g. The PSA response in

Figure 6-62 provide more robust acceleration load estimates than peak accelerations, which are

dominated by > 10 Hz responses. The nonlinear soil responses decrease PSA response for 0.2 s
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Figure 6-57:  Time-domain compacted soil responses for JLD3 response input motions. In each figure 
the solid lines indicate minimum and maximum responses at each depth from the six input ground 
motions. The horizontal dotted lines show the depth range of the low-velocity layer with nonzero 
porosity. The compaction zone is the region above the top dotted line. 
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Figure 6-58:  Compacted soil acceleration response spectra for JLD3 response input motions. Title of 
each figure is the period and the solid lines indicate minimum and maximum responses at each depth 
from the six input ground motions. The horizontal dotted lines show the depth range of the low-
velocity layer with nonzero porosity. The compaction zone is the region above the top dotted line. 

T = 0.2 (s)

0 2 4 6 8
PSA (g)

120

100

80

60

40

20

0
D

ep
th

 (m
)

T = 0.5 (s)

0 1 2 3 4
PSA (g)

120

100

80

60

40

20

0

T = 1.0 (s)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
PSA (g)

120

100

80

60

40

20

0

D
ep

th
 (m

)

T = 2.0 (s)

0.0 0.5 1.0 1.5 2.0 2.5
PSA (g)

120

100

80

60

40

20

0

277 Report 2003-2



June 13, 2003 FINAL REPORT
Figure 6-59:  Time-domain compacted soil responses for rock response input motions. In each figure 
the solid lines indicate minimum and maximum responses at each depth from the six input ground 
motions. The horizontal dotted lines show the depth range of the low-velocity layer with nonzero 
porosity. The compaction zone is the region above the top dotted line. 
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Figure 6-60:  Compacted soil acceleration response spectra for rock response input motions. Title of 
each figure is the period and the solid lines indicate minimum and maximum responses at each depth 
from the six input ground motions. The horizontal dotted lines show the depth range of the low-
velocity layer with nonzero porosity. The compaction zone is the region above the top dotted line. 
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Figure 6-61:  Time-domain soil mix wall responses for JLD3 response input motions. In each figure the 
solid lines indicate minimum and maximum responses at each depth from the six input ground 
motions. The horizontal dotted lines show the depth range of the low-velocity layer with nonzero 
porosity. The high-velocity SMW layer is located between the horizontal dashed line and the top 
dotted line. The lower-velocity SMW layer is located above the horizontal dashed line. 
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Figure 6-62:  SMW soil acceleration response spectra for JLD3 response input motions. Title of each 
figure is the period. The solid lines indicate minimum and maximum responses at each depth from 
the six input ground motions. Horizontal dotted lines show the depth range of the low-velocity layer 
with nonzero porosity. The high-velocity SMW layer is located between the horizontal dashed line 
and the top dotted line. The lower-velocity SMW layer is located above the horizontal dashed line. 
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period. However, for periods of 0.5 s or larger, minimum PSA responses in the SMW are > 0.3 g

(Figure 6-62). Comparison of the JLD3 response nonlinear results with nonlinear responses with

rock input motions (Figure 6-63) shows a different dependence of peak motions and duration on

input motion duration compared to Section 6.6.1. Peak accelerations and Arias Intensities are only

slightly smaller for shorter duration rock input motions (Figure 6-63) than for long duration soil

motions (Figure 6-61), but rock motion Arias durations are substantially smaller. PSA responses

are only slightly lower for rock input motions (Figure 6-64), showing a weak influence of

duration on SMW peak acceleration responses over a wide range of periods.The rock input results

likely  underestimate soil responses because they lack the long soil durations that are result of

horizontally-propagating trapped waves propagating at various depths by significant velocity

discontinuities and vertical velocity gradients within the ~140 m deep low-velocity glacial scour.

Consequently, the JLD3 response input results (Figures 6-61 and 6-62) are more likely to

represent expected SMW responses at the dam.

6.6.3   Discussion of Nonlinear Results. While nine different ground motion load

scenarios were considered used in the nonlinear ground motion calculations, an important fact to

consider is that both SHAKE and NOAH simplify seismic motions to vertically-propagating SH

waves. At Jackson Lake Dam the seismic phases that produce the largest peak accelerations and

velocities are likely to be SV waves in a coupled P-SV wavefield. Thus, neither SHAKE nor

NOAH represent the physical quantities that will produce the strong ground motions at the dam.

Consequently, the nonlinear ground motion calculations that use rock input motions are only

provided to indicate lower bounds on soil motion responses. The nonlinear input motions

produced using the JLD3 responses provide more realistic soil response scenarios than the rock

input motions. A 2D (plane-wave) P-SV nonlinear calculation is necessary to determine if

SHAKE or NOAH adequately represent nonlinear ground motion responses likely to occur at the

dam. NOAH only predicts large-amplitude cusped, one-sided accelerograms for certain

combinations of soil properties. It is not clear how well NOAH (or any other nonlinear approach)

will predict nonlinear soil behavior at the dam, because estimates of important nonlinear soil

parameters were not available from the dam site and must be inferred. A common assumption is

that peak accelerations will generally decrease with depth in soils. Yoshida et al. (2002) showed

that peak accelerations at the Kobe Port Island (a site that experienced liquefaction during the
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Figure 6-63:  Time-domain soil mix wall responses for rock response input motions. In each figure the 
solid lines indicate minimum and maximum responses at each depth from the six input ground 
motions. The horizontal dotted lines show the depth range of the low-velocity layer with nonzero 
porosity. The high-velocity SMW layer is located between the horizontal dashed line and the top 
dotted line. The lower-velocity SMW layer is located above the horizontal dashed line. 
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Figure 6-64:  SMW soil acceleration response spectra for rock response input motions. Title of each 
figure is the period. The solid lines indicate minimum and maximum responses at each depth from 
the six input ground motions. Horizontal dotted lines show the depth range of the low-velocity layer 
with nonzero porosity. The high-velocity SMW layer is located between the horizontal dashed line 
and the top dotted line. The lower-velocity SMW layer is located above the horizontal dashed line. 
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1995 M 6.9 Kobe earthquake) increased from ~0.3 g at the surface, to ~0.6 g at 16.4 m depth, and

~0.55 g at 32.4 m depth. Similarly, NOAH sometimes predicted large peak accelerations at depths

that depended on the assumed depth of potentially liquefiable materials (see Appendices E and F).

Information on the nonlinear soil properties as a function of depth below the dam is necessary to

reliably predict peak accelerations, stresses, and strains at depth and at the surface. Due to the

presence of the soil-mix columns with low velocities to 10-30 foot depths, underlain by higher

velocity soil-mix (Wright, 1990) and the compacted soils beneath the dam, the material properties

vary strongly in the upstream-downstream direction; both NOAH and SHAKE assume lateral

homogeneity. The presence of the higher-velocity soil-mix columns than the surrounding soil,

will result in amplification of seismic waves in the soil beneath the dam and in the untreated soil

adjacent to the soil-mix columns.

6.7  Ground Motion Summary

The location of Jackson Lake Dam in the LVB located above the Teton fault results in substantial

seismic loads at the dam associated with M ~7 earthquakes on the Teton fault. The hybrid ground

motion simulations of M ~7 earthquakes on the northern Teton fault segment predict larger rock

peak velocities, and comparable peak accelerations to those estimated at Casitas Dam (O’Connell,

1999b), previously the strongest seismic loads estimated for a Reclamation structure. Casitas

Dam is located on the hanging wall of the Red Mountain reverse fault, placing it on the highest

velocity rocks in the vicinity of the Red Mountain fault. Casitas Dam was subjected to maximum

rupture directivity because it was located closer to the Red Mountain fault than Jackson Lake

Dam is relative to the Teton fault. While much of the concrete portion of Jackson Lake Dam is

located on ~1 km/s S-wave velocity material that would be considered rock sites in California,

their are large velocity contrasts between the LVB containing the dam and the basement rocks.

Thus, Jackson Lake Dam is located in the lowest velocity rocks in its crustal neighborhood and it

experiences ground motion amplification as a result.  Since the EGFs were used to construct the >

1 Hz responses and contain a wide variety of LVB-edge S-wave amplitudes and time moveouts

relative to the direct S-wave arrival, the < 1 s PSA responses may be underestimated because

LVB-edge S-waves would likely have more systematic move-outs, amplitudes, and phasing that

represented by the random summing of eight EGF responses. In spite of potential underestimation

of < 1 s period responses, the hybrid ground motion simulations for Teton fault dips of 35° and
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45°, the mean and 84% PSAs for periods > 0.35 s exceed Spudich et al.’s (1999) empirical

predictions for rock for site JLDW; the combined influences of rupture directivity and the LVB

amplify rock motions at the dam to produce PSA rock responses more like a soil site than a ~1

km/s S-wave velocity rock site. For a fault dip of 35°, the mean and 84% PSA exceed Spudich et

al.’s (1999) empirical prediction for soil at rock site JLDW for periods > 1 s. For a fault dip of

45°, the mean and 84% PSA exceed Spudich et al.’s (1999) empirical prediction for soil at rock

site JLDW for periods > ~1.5 s. Unfortunately, hanging wall LVB amplification produces ground

motions at Jackson Lake Dam that mimic extreme ground motion characteristics of rupture

directivity while producing extended durations of strong ground shaking, not typically associated

with rupture directivity. The ground motions recommended for dynamic analyses of the concrete

section of Jackson Lake Dam in Section 6.5 reflect these realities.

Ground motions are also provided for nonlinear analyses of the embankment section of the dam

that reflect the extended durations and amplification associated with the ~140-m-deep very-low-

velocity glacial scour that is the foundation for most of the embankment section of the dam. To

provide realistic inputs for nonlinear soil responses calculations at depth, these soil ground

motions were constructed with a JLD3 site response to account for the wide variety of S-wave and

interface wave phases that likely exist at depths > 25 m in the VLV glacial scour sediments.

Nonlinear effective-stress soil response calculations with NOAH show that near-surface Arias

Intensities and peak acceleration responses, and their associated durations are very sensitive to

input motion peak amplitudes and durations. Certain combinations of input motions produced

nonlinear soil Arias Intensity and Arias duration responses that exceeded corresponding rock

responses by a factor of six. Nonlinear soil response (modulus reduction) may increase ground

motions durations because interface phase velocities will be reduced, increasing the time required

for Airy phases to propagate from the boundaries of the glacial scour to the dam.

Jackson Lake Dam is > 1.5 km long and spans a wide variety of foundation materials with widely

varying S-wave velocities and straddles a region with > 10:1 S-wave velocity contrasts. These

large velocity contrasts occur between the overcompacted till (Vs ~ 1 km/s) and the soils in the

glacial scour (Vs ~ 0.1 km/s). S-wave velocities also vary both laterally and vertically within the

glacial scour region that is composed of fluvial-lacustrine deposits with Vs varying from to 0.09
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km/s to 0.2 km/s (Sirles, 1986). Ground motions are likely to vary substantially, both along the

dam’s axis and in the upstream-downstream direction, because the low soil S-wave velocities

result in wavelengths nearly equal to the dam’s width at 1 Hz. Chen and Harichandran (2001)

showed that spatially varying ground motions are likely to substantially increase shear stresses in

foundation materials at the toes of an embankment dam, particularly when spatial coherence is

significantly < 1 for low frequencies. Santa-Cruz et al. (1999) showed that for low-velocity

basins, the absolute value of coherency can be substantially less than 1 for frequencies as low as

0.3 Hz, for separation distances as low as 800 m, and for frequencies as low as 1 Hz, for

separation distances as lows as 100 m. Given the results of Santa-Cruz et al. (1999), and the

substantial and variable thickness of low S-wave velocity materials in the glacial scour that

comprises the foundation for the embankment section of the dam, and the strongly varying site

responses noted in Chapter 5 from the Jackson Lake Dam site response stations, it is likely that

ground motions coherency will be substantially < 1 for frequencies as low as 0.3 Hz along the

embankment portion of the dam.

The southern portion of the dam, consisting primarily of the concrete section, is founded on ~1

km/s S-wave velocity till and tuff. The rest of the dam is founded on ~0.1 km/s S-wave fluvial-

lacustrine deposits that increase in thickness towards the northern end of the dam. The southern

portion of the dam will shake less strongly and for shorter durations than the rest of the dam.

Consequently, the largest strains resulting from differential motions along the axis of the dam are

likely to be located in the embankment section extending from the concrete section to station 32,

where Sirles (1986) found a ~140 m thick section of fluvial-lacustrine deposits below the ground

surface. The distances between stations JLD2 near the northern end of the concrete section and

station JLD3 near station 24+00 is 356 m. For a vertically-incident shear wave, the propagation

delay at station JLD3 relative to JLD2 due to ~140 m of fluvial-lacustrine fill with an average S-

wave velocity of ~140 m/s is 0.87 s (1 s travel-time through the last 140 m for JLD3 and 0.13 s

travel time through the last 140 m for JLD2). This yields a S-wave apparent velocity of 0.41 km/s,

which will likely reduce S-wave coherency at low frequencies, based on the results of Santa-Cruz

et al. (1999). This is an apparent velocity 10 times smaller than considered by Chen and

Harichandran (2001) in their analyses of the influence of coherency on the dynamic analysis of

embankment dams. Since the peak velocity loads at Jackson Lake Dam are substantially larger
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than considered by Chen and Harichandran (2001), and apparent velocities are much lower,

differential displacements, and correspond strains and stresses are likely to be larger at Jackson

Lake Dam than those considered in Chen and Harichandran (2001). S-wave apparent velocities

will decrease for S-waves arriving from the south (about half of the northern Teton rupture

segment, and the entire southern Teton rupture segment). S-wave apparent velocities will be

increased slightly for S-wave arrivals from north of station JLD3, but the increases in apparent

velocity will be modest.

Consistent with past approaches to reduce ground motion estimation biases and uncertainties

(Anderson and O’Connell, 1998; Anderson and O’Connell, 1993;  O’Connell and Unruh, 2000;

Ake et al., 2002) microearthquake data from the Jackson Lake Seismic Network provided the

crucial information about the subsurface fault geometries, particularly dip of faults at depth, and

seismotectonic constraints on state-of-stress and fault kinematics, information necessary to

estimation ground motions at Jackson Lake Dam. The combination of broadband site response

stations at Jackson Lake Dam and the short-period JLSN provided empirical Green’s functions

and the ability to estimate site responses in the same manner as the site response stations in

previous studies (O’Connell and Ake, 1995; O’Connell, 1999b; O’Connell and Unruh, 2000;

O’Connell, 2001), where local seismographic networks such as the short-period Southern

California Seismic Network and the Northern California Seismic Network provided crucial

information necessary to convert site response recordings into empirical Green’s functions. The

development of site-specific ground motions using empirical Green’s functions substantially

reduced ground motion biases in several previous studies (O’Connell, 1999a, 1999b; O’Connell

and Unruh, 2000; O’Connell, 2001). For instance, site-response recordings used in conjunction

with short-period data from the Southern California Seismic Network showed that convention

approaches to estimating near-source ground motions at stiff-soil sites in southern California were

likely to strongly overpredict peak ground motions (O’Connell, 1999a). At a high-velocity hard-

rock site, broadband site-response data in conjunction with short-period data from the Northern

California Seismic Network showed that source characterization of blind thrust faults in the

western Sacramento Valley were incorrect (O’Connell and Unruh, 2000; O’Connell et al., 2001)

and that peak acceleration loads would likely be about 2/3 empirical predictions, resulting in

substantially lower final peak ground motion estimates (LaForge, 1999). Estimation of the 3D
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velocity structure of the crust and discovery of the significant impacts of 3D velocity structure on

peak ground motions and ground motion durations were made possible by the earthquake data

from the JLSN and the broadband site response seismographs at Jackson Lake Dam. The

earthquake data provided by the JLSN were necessary to fully exploit the site response

earthquake recordings to develop empirical Green’s functions and site response information for

nonlinear soil analyses. At Jackson Lake Dam, development of site-specific ground motions

increases confidence that estimated ground motions are not likely to be significantly biased.

There are several factors that produce significant ground motion uncertainties. The uncertainty in

Teton fault dip produces at least a factor of two uncertainty in peak seismic loads at the dam.

Since it appears the Teton fault is entirely located within basement rocks, a significant velocity

contrast across the fault is unlikely; seismic reflection/refraction methods are unlikely to be able

to image the fault at depth. Several earthquake recorded by the JLSN suggest the Teton fault dips

~45°. As is typically the case at other Reclamation dams (Casitas, B.F. Sisk, Hoover, Monticello,

O’Neill, and Ridgway Dams), earthquake locations and focal mechanisms are probably the only

feasible way to constrain the dip of the Teton fault at depth, in the absence of a strong geodetic

signal produced by a M ~7 earthquake on the Teton fault. Uncertainties in the spatial extent and

velocities in the LVB produce, as yet, unknown uncertainties in peak ground motions and

durations.

Uncertainties about the velocity structure and spatial extent of the glacial scour produce

uncertainties of about a factor of two in peak soil ground motions, and factor of four uncertainties

in soil ground motion durations. It is necessary to determine the wave-types that comprise the

long duration soil ground motions to determine the appropriate methods to calculate nonlinear

soil responses. Synthetic calculations in Section 5 indicate that a significant fraction of the long-

duration high-amplitude soil motions at the dam may be produced by S-waves and horizontally

propagating interface waves occurring at depth in the glacial scour basin.

The 20-station short-period seismographic network provided many critical pieces of data

necessary to estimate ground motions at the dam. However, its configuration was not well-suited

to obtain the seismic data necessary to substantially reduce remaining ground motion

uncertainties. In particular, the vertical-component short-period JLSN did not provide S-wave
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velocity constraints. Earthquake depth estimation capabilities in the vicinity of the Teton fault

were limited by the large area spanned by the JLSN, the 10-20 km JLSN station spacing, and the

absence of three-component seismographs. A smaller broadband three-component network

located within and on the periphery of the LVB, combined with one or more soil borehole three-

component packages at the dam, with three-component sensors at the surface and at several

depths extending to ~50 m depth, would provide much more valuable and relevant information

for Jackson Lake Dam than the 20-station short-period JLSN.

Earthquake magnitude is sometimes used as a proxy for ground motion duration in engineering

analyses of soils. The earthquake magnitudes used to simulate ground motions at Jackson Lake

Dam from earthquakes on the Teton fault should not be used for this purpose. Due to the

proximity of the Teton fault to the LVB and glacial scour very-low-velocity basin, and the

resulting peak ground motion amplifications, extended durations, and increased Arias intensities

of ground motions at the dam, effective magnitudes for geotechnical analyses of the seismic loads

are 7 1/2 for the rock ground motions, and are 8 for the soil ground motions. These recommended

magnitudes for soil analyses are 1/4 to 1/2 magnitude units larger than the moment magnitudes of

all-segment and northern segment rupture scenarios of the Teton fault, specifically to account for

the extended durations and amplifications of ground motions observed at the dam (Section 5). The

most likely scenarios for soil response based on section 5 and nonlinear soil calculations using

NOAH indicate ground motion durations of at least 60 seconds and possibly as long as 120 s for

the embankment portion of the dam.

Because this section only considers the Teton fault as a seismic source and background seismicity

clearly increases the seismic loading rates (Section 3), it is necessary to increase annual

exceedence probabilities relative to activity rates of the Teton fault to provide representative

probabilistic seismic loads for dynamic analyses of the dam. These analyses are presented in the

next section.
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 7.0   ANALYSIS OF ESTIMATED GROUND MOTIONS

The simulated ground motions for the “rock” (~1 km/s surface shear-velocity) portion of Jackson

Lake Dam (site JLDW) are larger than predicted by the empirical ground motion model

developed for transtensional faulting environments by Spudich et al. (1999). The most unusual

characteristic of the simulated “rock” ground motions is that they substantially exceed predicted

soil accelerations from Spudich et al. (1999) at periods longer than 2 s. Somerville (2003)

suggested two potential causes, near-fault rupture directivity and basin effects. One concern is

that the simulation procedure, specifically the kinematic rupture model used in Section 6, may

systematically overpredict near-fault ground motions, especially at long periods. While validation

of any simulation procedure is not possible (Oreskes et al., 1994) a necessary credible condition is

that a model reproduce past experience. Modeling of near-fault strong ground motions from the

1994 M 6.7 Northridge earthquake is used in Section 7.1 to evaluate the performance and

credibility of the kinematic source model. The Northridge data represent the densest near-fault

recordings of a dip-slip earthquake and are the best data available in the absence of a well-

recorded normal-faulting earthquake. Ground motions are also synthesized in Section 7.4 using a

simplified source model to provide an alternative approach to test the sensitivity of estimated

ground motions to source model specification.

There are several possible tacts to evaluate the influence of the 3D basin velocity model on

estimated ground motions. These could include performing ground motion simulations with

alternative velocity models or completely removing the low-velocity-basin from the velocity

model to provide a frame of reference for comparison with other strong motion data. Such

approaches require considerable effort. There are recent recordings of larger magnitude (M > 4.5)

earthquakes within 150 km of Jackson Lake Dam. These ground motion recording have sufficient

signal-to-noise (S/N) to evaluate ground motion characteristics for periods extending to 5-10 s,

much longer periods than was possible with the high-frequency empirical Green’s functions in

Section 6 and Appendix D (see Table 6-1). These larger magnitude earthquake recordings directly

incorporating propagation effects associated with 3D low-velocity-basin structure. There are also

two M ~3 earthquakes located in the vicinity of the northern Teton fault segment that provide

empirical Green’s functions that allow simulation of ground motions to periods of ~3 s, although

the long-period signal-to-noise is lower than the recordings of the M > 4.5 regional earthquakes.
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The availability of broadband empirical Green’s functions affords an opportunity to construct a

second test of the kinematic source model and the ground motion simulation approach used in

Section 6 by using an entirely different simulation method to estimate ground motions at Jackson

Lake Dam using the previously tested approach of Frankel (1995). Frankel’s (1995) approach is

appealing because it uses very simple assumptions that only require specifying a small number of

parameters, it produces source properties and ground motions consistent with known constraints

(Andrews, 1980; Frankel, 1991), and it reproduced near-fault acceleration responses from the

1989 M 7.0 Loma Prieta earthquake (Frankel, 1995).

Before moving on to kinematic source model and ground motion simulation presentations, it is

reasonable to ask: Is there a precedent for the large long-period ground motions estimated in

Section 6 in strong motion observations? The 1979 M 6.5 Imperial Valley earthquake was

recorded by an array of strong motion instruments located in the vicinity of the fault rupture. The

Imperial fault and several near-fault strong motion stations are located in a sedimentary basin

(Fuis et al., 1982). In the next section, the three strong motion records from this earthquake

closest to the Imperial fault which contain large > 2 s acceleration responses are compared to

predicted ground motions at Jackson Lake Dam.

7.1  Strong Ground Motions From the 1979 M 6.5 Imperial Valley Earthquake

On 15 October 1979 a M 6.5 earthquake occurred on the Imperial fault near the United States-

Mexico border. The epicenter was located in northern Mexico and rupture proceeded north along

the Imperial and Brawley faults producing particularly strong ground shaking in the El Centro

array of accelerometers located along the northern portion of the Imperial fault (Figure 7-1). Since

the Imperial fault is located in a sedimentary trough (Fuis et al., 1982) with a low-velocity basin

structure similar to the low-velocity basin adjacent to the Teton fault, the strong motion

recordings from sites close to the Imperial fault provide a qualitative indication of near-fault

ground motion characteristics in a basin.

Fuis et al. (1982) showed that the Imperial fault is embedded in a 4-5 km deep low-velocity

sedimentary basin with P-wave velocities and velocity gradients vary similar to velocity structure

inferred for the low-velocity basin adjacent to the Teton fault in Section 4. Specifically, P-wave
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Figure 7-1:  Map view of the Imperial Valley area from Archuleta (1984).  Strong motion stations are 
labeled plus symbols. The portions of the Imperial and Brawly faults with measured surface offsets 
are shown by the dark line segments. Linear stippled regions show the idealized fault geometries 
used in Archuleta (1984) to model strong motions. The inset of California shows the approximate 
location of this map. Stations E06, E07, and EMO show strong long period responses as indicated in 
Figure 7-2 to 7-10. The labeled arrows indicate the orientation of the horizontal components in strike 
parallel (140°) and strike normal (230°) directions.

230°

140°
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velocities in Imperial Valley near the surface along the refraction profile closest to the Imperial

fault (SP-6 to SP-13) are ~2 km/s and are ~4.5 km/s at the bottom of the basin (Fuis et al., 1982).

Basement P-wave velocities are > 5.5 km/s at both Jackson Lake and Imperial Valley. The biggest

difference in the velocity structures are near the bottoms of the basins where P-wave velocities in

the low-velocity-basin adjacent to the Teton fault are about 1 km/s slower at the bottom of the

basin relative to Imperial Valley. In Imperial Valley the refraction data suggest a ~0.5-km-thick

transition zone below the sediments that increase P-wave velocities to ~5.5 km/s at the contact

with the ~6 km/s basement. The refraction data and waveform modeling of velocity structure at

Jackson Lake Dam suggest a very-large velocity discontinuity between the deepest sediments

(~3.5-4 km/s) and basement (~5.5 km/s) (see Figure 4-13). This results in a much stronger

impedance contrast at the bottom of the low-velocity basin near the Teton fault relative to

Imperial Valley. The larger impedance contrast at the base of the low-velocity basin beneath

Jackson Lake Dam suggest that > 1 s period acceleration responses are likely to be larger than

those observed from 1979 Imperial Valley earthquake due to stronger amplification and more

efficient trapping of body and surface waves. Also, long-period responses at Jackson Lake Dam

will likely have much longer durations. These differences in basin structure suggest that the

strong motion records from Imperial Valley provide a rough lower bound on expected long-period

accelerations at Jackson Lake Dam.

Stations E06, E07, and EMO are located within 2 km of the Imperial fault (Figure 7-1) and exhibit

influences of directivity in the form of peak fault-normal velocities on the order of 100 cm/s.

These sites are also located near the axis of the deepest portion of low-velocity sedimentary basin.

While peak horizontal accelerations are not remarkable at station E06 (Figure 7-2), the peak

vertical acceleration exceeds 1.6 g. The vertical peak accelerations’s high-frequency content and

arrival time suggest that it is an S-P conversion from inside the low-velocity basin. Strong S-P

conversions are not a typical characteristic of Jackson Lake Dam JLDW ground motions. This

suggests there may be stronger interval velocity discontinuities within the Imperial Valley low-

velocity basin relative to the low-velocity basin at Jackson Lake Dam. Strong interval velocity

discontinuities in trial velocity models of the Jackson Lake Dam low-velocity basin strongly

reduced ground motion durations relative to smooth vertical-velocity-gradient models of basin

structure, as discussed in Section 4. This may explain the relatively short-duration of station E06
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IMPERIAL VALLEY 10/15/79 2316, EL CENTRO ARRAY #6, 140 (CDMG STATION 942)
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Figure 7-2:  El Centro Array station E06 acceleration seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure 
7-1 for station position relative to fault rupture.
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motions (Figures 7-2 to 7-3) relative to ground motions observed at Jackson Lake Dam.

Acceleration responses for periods larger than 2 s are remarkably large (> ~0.4 g) for the fault-

normal component of station E06 (Figure 7-4) and are also quite large for periods of 2 s to 3 s for

the fault-parallel component. In contrast, the vertical acceleration responses much lower at

periods larger than 2 s. 

Peak horizontal accelerations at Station E07 (Figure 7-5) are somewhat lower than for Station E06

(Figure 7-2), but broadband frequency content of the peak fault-normal accelerations and

velocities (Figure 7-6) associated with rupture directivity are clearly evident in the 0-1 s period

band in the spectral accelerations (Figure 7-7). However, strong accelerations> 0.4 g persist

between periods of 2 s and 3s and > 0.3 g for periods > 3 s on the fault-normal component (Figure

7-7). In contrast, the > 2 s period responses on the vertical and fault-parallel horizontal

components are much lower (Figure 7-7).

Station EMO is located at about the halfway point along the rupture of the Imperial fault.

Consequently, rupture directivity was not as strong as at station E06 and E07 and peak

accelerations are lower (Figure 7-8) and peak velocities are also lower (< 100 cm/s) (Figure 7-9).

However, fault-normal accelerations for periods between 2 s and 3 s are > 0.4 g (Figure 7-10),

exceeding comparable accelerations at station E07 (Figure 7-7) even though rupture directivity is

weaker at station EMO. While peak accelerations and velocities vary considerably between

stations E06, E07, and EMO because of the variability of fault slip and station positions

(Archuleta, 1984), the consistently elevated > 2 s acceleration fault-normal responses at all these

stations is consistent with elevated long-period responses expected for low-velocity basins

(Somerville et al., 2003).

Strike-slip faulting is likely to produce less complex ground motions in a basin because P-SV

excitation is minimal compared to dip-slip faulting. Consequently, the Imperial Valley ground

motions do not provide a direct analog for motions in the low-velocity basin adjacent to the Teton

fault. However, the > 0.4 g > 2 s period acceleration responses observed in Imperial Valley

indicate that the large (> 0.5 g) > 2 s period acceleration responses predicted for Jackson Lake

Dam are not without precedent. Considering the more extreme impedance contrast between the
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IMPERIAL VALLEY 10/15/79 2316, EL CENTRO ARRAY #6, 140 (CDMG STATION 942)
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Figure 7-3:  El Centro Array station E06 velocity seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure 
7-1 for station position relative to fault rupture. The horizontal components are oriented in 
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the 
Imperial fault.
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Figure 7-4:  El Centro Array station E06 pseudo-acceleration response spectra.  Vertical is labeled UP. 
Horizontal components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). 
See Figure 7-1 for station position relative to fault rupture. The horizontal components are oriented in 
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the 
Imperial fault.
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IMPERIAL VALLEY 10/15/79 2316, EL CENTRO ARRAY #7, 140 (USGS STATION 5028)
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Figure 7-5:  El Centro Array station E07 acceleration seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure 
7-1 for station position relative to fault rupture. The horizontal components are oriented in 
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the 
Imperial fault.
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Figure 7-6:  El Centro Array station E07 velocity seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). See Figure 
7-1 for station position relative to fault rupture. The horizontal components are oriented in 
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the 
Imperial fault.
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Figure 7-7:  El Centro Array station E07 pseudo-acceleration response spectra.  Vertical is labeled UP. 
Horizontal components are labeled by their orientation in degrees east of north (e.g., 140° and 230°). 
See Figure 7-1 for station position relative to fault rupture. The horizontal components are oriented in 
approximately strike-normal (230°) and strike-parallel (140°) directions relative to the strike of the 
Imperial fault.
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Figure 7-8:  El Centro Array station EMO acceleration seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 0° and 270°). See Figure 7-
1 for station position relative to fault rupture. 
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Figure 7-9:  El Centro Array station EMO velocity seismograms.  Vertical is labeled UP. Horizontal 
components are labeled by their orientation in degrees east of north (e.g., 0° and 270°). See Figure 7-
1 for station position relative to fault rupture.
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Figure 7-10:  El Centro Array station EMO pseudo-acceleration response spectra.  Vertical is labeled 
UP. Horizontal components are labeled by their orientation in degrees east of north (e.g., 0° and 
270°). See Figure 7-1 for station position relative to fault rupture.
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low-velocity sediments and the basement at Jackson Lake Dam, the large (> 0.5 g) > 2-s-period

acceleration responses make physical sense, particularly with respect to the incidence angle

criteria of Somerville et al. (2003) for predicting the amplification of long-period motions in low-

velocity basin. Sections 7.4 and 7.5 use broadband site recordings of earthquakes at Jackson Lake

Dam to evaluate the likelihood of unusually large > 2-s-period acceleration responses at the dam.

To reduce ground motion uncertainties associated with ground motion synthesis approaches, the

next two sections present and evaluate two source models and ground motion simulation

approaches. First, in Section 7.2, the kinematic rupture model of Section 6 is used to simulate

near-source ground motions from the 1994 M 6.7 Northridge earthquake. A simplified ground

motion synthesis technique developed in Frankel (1995) is summarized in Section 7.3 in

preparation for its application withe broadband earthquake records to simulation ground motions

at Jackson Lake Dam from M 7. 1 earthquakes on the northern Teton fault segment in Sections

7.4 and 7.5.

7.2  Performance of the Kinematic Rupture Model

The primary purpose of the synthetic ground motion modeling in this report is to determine peak

ground motion responses, ground motion variability, and durations as a function of site position

relative to the Teton fault. To establish that the synthetic ground motion modeling approach

outlined in Section 6 (in particular, the stochastic kinematic rupture model) provides a reasonable

basis to estimate peak ground motions, synthetic Green’s function are used to calculate ground

motions at near-source sites that recorded strong ground motions from the 1994 M 6.7

Northridge, California, blind thrust earthquake using the same ground motion simulation methods

used in Section 6. 

The peak ground motions at a site near a fault are strongly dependent on the orientation of the

fault relative to the site and details of the fault rupture. These differences in peak ground motions

are well illustrated using peak velocity and acceleration data from the Northridge blind thrust

earthquake (Figure 7-11). Sites located within about 5 km of the fault tip were subjected to updip

rupture directivity and typically experienced peak velocities in the 80-160 cm/s range and peak

accelerations between 500 cm/s2 and 1000 cm/s2. Sites outside this zone experienced peak

velocities of less than about 50 cm/s and accelerations generally less than 500 cm/s2. 
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While the Northridge earthquake provides a nice illustration of directivity, it is important to

realize that there are significant differences between conditions at Northridge and Jackson Lake

Dam. However, for the purposes of evaluating the performance of the kinematic rupture model,

these differences are probably not important.

7.2.1   Validation Ground Motion Modeling Approach: Green’s Functions. Site-

specific ground motion recordings were used in Section 6 to simulated strong ground motions.

Here, purely theoretical Green’s functions appropriate for crustal and site conditions in the near-

fault region of the Northridge earthquake are used and it is necessary to discuss them in detail.

Bernard and Madariaga (1984) and Spudich and Frazer (1984; 1987) developed the isochrone

integration method to compute near-field seismograms for finite-fault rupture models. Isochrones

are all the positions on a fault that contribute seismic energy that arrives at a specific receiver at

the same time. The simplest way to employ the isochrone method in the near-field is to assume

that all significant seismic radiation from the fault consists of direct shear-wave arrivals. This

assumption is reasonable in the near-field, particularly for a deeply buried, blind-thrust fault that

produces dominantly near-vertical source-receiver paths. A further simplification is to use a

simple trapezoidal slip-velocity pulse. Let  be the slip function, For simplicity we assumed

, where tr is rupture time, and th is healing time. Then, all seismic

radiation from a fault can be described with rupture and healing isochrones. Surface ground

motions velocities, v, and accelerations, a, from rupture or healing can be calculated from

(Spudich and Frazer, 1984)

(7-1)

(7-2)

where c is isochrone velocity, s is slip velocity (either rupture or healing), dq is the spatial

derivative, y(t, x) defines the isochrone, and G is a hybrid ray theory Green’s function combined

with synthetic 3D scattering functions or microearthquake ground motions recorded at the dam as

described below. 

f t( )

f·· t( ) δ t tr–( ) δ– t th–( )=

v x t,( ) f·· t( ) s G⋅( )c ld
y t x,( )

∫⊗=

a x t,( ) f·· t( ) c2
qd

ds G⋅ 
  c2

qd
dG s⋅ 

 
td

dc s G⋅( )⋅+ + ld
y t x,( )

∫⊗=
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Spudich and Frazer (1984) showed that c can be eliminated from (7-1) by integrating along an

isochrone over a finite time window defined by the isochrones t - dt and t + dt. By limiting the

integration to frequencies lower than 10 Hz (dt = 0.05 s) band-limited ground motions are

obtained making the isochrone method useful for qualitatively evaluating accelerations. This

approach was used here with a first-order approximation, where (7-1) was reduced to a point-

source summation of over the isochrone strip corresponding to the finite time window:

  (7-3)

We used this approach to efficiently calculate seismograms for a large number of receiver

positions relative to a fault. For the point source integrations, the ray theory portion of G was

approximated as

(7-4)

where x is the receiver position, ξ is position on the fault,  is the source radiation term,

 is the free surface amplification factor, ρ is density, and β is the shear-wave velocity. In

this approximation, only first shear arrivals are included in the calculation. Although ray

spreading factors are simply approximated by the inverse source-receiver distance, a 1D

approximation consistent with crustal shear-wave velocities in southern California, was used to

calculate, , takeoff angles for , and incidence angles for  to incorporate

first-order geometric effects of vertically heterogeneous velocity structure which varied from

β=1.7 at the surface to β=3.5 km/s at 9 km depth (details in O’Connell, 1999a). This produced

realistic partitioning of SV velocities between vertical and horizontal components of ground

motion. 

The amplitude effects of SV transmission were approximated by computing the median vertical-

incidence amplification of a band-limited (0.5-5 Hz) SV plane wave propagated through a 3D

heterogeneous media. A self-similar, fractal correlation model of random spatial variations of

crustal seismic velocities with an autocorrelation function, P, of the form

v x t,( ) f·· t( ) sr GS⋅ 1
td

----B t tS–( )
td

----------------- Ad∫
A

∫⋅=

GS x ξ,( ) F x ξ,( ) W̃ x ξ,( )⋅

4π ρ x( )ρ ξ( )β x( )β ξ( )5 2⁄ x ξ–( )2
------------------------------------------------------------------------------------------=

F x ξ,( )

W̃ x ξ,( )

β ξ( ) F x ξ,( ) W̃ x ξ,( )
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(7-5)

where a is the correlation distance, kr is the radial wavenumber, and n = 3 was used in a 3D elastic

finite-difference calculation to compute SV transmission amplification through the top 9 km of the

crust. The free-surface was omitted since (7-4) was used to calculate free-surface amplification.

The 3D randomization of the 1D velocity model was normalized to produce a standard deviation

of 5% of β for akr » 1 with a = 2.5 km. 

O’Connell (1999a) showed that 3D scattering in the upper crust can have a significant influence

on the scaling of near-field peak ground motions. Scattering of direct SV waves by correlated-

random crustal velocity variations tends to reduce peak horizontal velocities associated with near-

field rupture directivity by increasing the time and phase dispersion of direct SV waves. Scattering

is included here using the 3D finite-difference approach of Graves (1996) to produce synthetic

three-component SV scattering functions. SV plane waves were propagated at incidence angles of

80° and azimuths of 45° and 135° relative to the strike of the steeply-dipping sedimentary rocks

through the upper 2 km of the crust using a velocity structure typical of fold-and-thrust belts

(Figure 7-12). Three-component SV scattering functions were obtained for receiver positions

within the high-velocity portion of the velocity model as shown in Figure 7-12. The depth limit of

4 km in the 3D velocity model was dictated by the need to produce scattering functions to a

maximum frequency of 10 Hz, the horizontal dimensions necessary to sample a 2.5 km

correlation distance adequately (12 km), and the limitations of fitting a 3D elastic finite-difference

calculation into computer memory.

The 3D scattering functions were normalized so that the median peak velocity for each

component matched the median SV transmission amplifications derived above. Geometric

spreading and free-surface amplification were applied using (7-4). A 3D scattering function was

chosen at random at each integration position in the point source summation from a total of 5200

scattering functions used in the ground motion simulations.

P kr( ) an

1 kra( )n+
-------------------------≈
309 Report 2003-2



June 13, 2003 FINAL REPORT
-2 -1 0 1 2
Downstream Distance (km)

-4

-3

-2

-1

0

El
ev

at
io

n 
(k

m
)

SV Plane Wave

1.5 2.0 2.5
S Velocity (km/s)

Figure 7-12:  S-wave velocity profile from a 3D randomization of a 2D velocity model for the top 2 km 
of the crust. For (7-5) n=2 and a=1 km. A 2 km thick homogeneous region is inserted at the bottom to 
introduce a uniform amplitude SV plane wave. The scattering functions for the ground motion 
simulations were derived using n=3 and a=2.5 km to produce the 3D randomization of the 2D 
velocity model. The standard deviation of the velocity randomization was set to 5% for all cases. The 
extent of the region used to extract scattering functions is shown at the top.  
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The scattering functions possess fairly simple waveforms (see Figures 7-13 and 7-14). The

scattering function responses are consistent with the rather simple site responses; coda durations

are relatively short, and direct S waveforms are fairly simple. Shear-wave splitting is often

observed associated with folded sedimentary rocks Consequently, kinematic time-shifting of

horizontal components was used to delay east-west polarized, direct S waves relative to north-

south components using the method described in O’Connell (1999c).

7.2.2   Kinematic Rupture Model Test: Northridge Ground Motions. The synthetic

Green’s function from Section 7.2.1 are used to provide rock-site synthetic ground motions. A

total of 200 random rupture models were generated using the approach in Section 6.2 to simulate

strong ground motions at the six stations shown in blue in Figure 7-11. The station naming

convention follows Wald et al. (1996). The M 6.7 Northridge hypocenter was fixed at a depth of

19 km and 1.5 km from the eastern edge of the fault. Figures 7-15 to 7-20 show the rupture model

that produced the best fit to six near-fault strong motion recordings and illustrate detailed aspects

of the kinematic rupture model used in Section 6.

A large number of parameters must be specified in the kinematic rupture model. Velocity ground

motions are the direct outputs of the simulations, from which, all other quantities, such as

accelerations and response spectra, are obtained. Fractal parameterizations of effective stress

(Figure 7-15) produce slip velocity models (Figure 7-16) consistent with the dynamic rupture

modeling results of Boatwright and Andrews (1998). The rise times (Figure 7-17) are specified

using an approach similar to Herrero and Bernard (1994) which makes rise time inversely

proportional to effective stress (Figure 7-15). Let k be spectral wavenumber and ω be angular

frequency. Resulting fault slip models (Figure 7-18) are consistent with the k-2 decay slip

behavior proposed by Somerville et al. (1999), based on analyses of slip inversions for recent

earthquakes. The synthetic slip models also have displacement spectra with a ω-2 spectral decay

consistent with Andrews (1980) and Frankel (1991). For the Jackson Lake Dam ground motion

simulations, effective stress correlation lengths were increased by 33% relative to the M 6.7

Northridge rupture simulations of this section to be consistent with the empirical relations of

Somerville et al. (1999), that indicate that asperity size increases with magnitude. Rupture
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Figure 7-13:  First example of a synthetic three-component SV scattering function.Normalized velocity 
waveforms on the left and Fourier velocity spectra on the right for the components as labeled.
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Figure 7-14:  Another example of a synthetic three-component SV scattering function. Normalized 
velocity waveforms on the left and Fourier velocity spectra on the right for the components as 
labeled.
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Figure 7-15:  Effective stress distribution that produced the best-fitting Northridge ground motions.   
The effective stress correlation length is 15 km. The perspective is looking down, normal to the fault 
plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km spacing. 
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Figure 7-16:  Slip-velocity distribution that produced the best-fitting Northridge ground motions. 
Produced using a effective stress correlation length of 15 km. The perspective is looking down, 
normal to the fault plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km 
spacing. The slip velocity increases away from the hypocenter under the influence of a modified 
Kostrov time function, that is limited to a slip velocity-to-initial-slip-velocity ratio of 4. Slip velocity 
also depends on  rupture velocity (Figure 7-19)  and rupture time (Figure 7-20). 
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Figure 7-17:  Rise-time distribution that produced the best-fitting Northridge ground motion . Since rise 
time is inversely proportional to slip velocity (Figure 7-16), it is dependent on effective stress (Figure 
7-15) and rupture time (Figure 7-20). The perspective is looking down, normal to the fault plane. The 
hypocenter is the white circle. The fault is discretized using a 0.2 km spacing. The healing of the fault 
boundaries tapers rise times toward zero at the boundaries, resulting in a tapering of slip toward the 
boundaries as well (Figure 7-18). In the interior of the fault, rise time strongly inversely correlates 
with slip velocity (Figure 7-16).
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Figure 7-18:  Slip distribution that produced the best-fitting Northridge ground motion. Slip is 
proportional to slip velocity (figure 7-16) and rise time (Figure 7-17), which produces a dependence 
on effective stress (Figure 7-15), rupture velocity (Figure 7-19), and rupture time (Figure 7-20). The 
healing of the fault boundaries tapers rise times toward zero at the boundaries (Figure 7-17) resulting 
in a tapering of slip toward the boundaries as well. In the interior of the fault, rise time strongly 
inversely correlates with slip velocity (Figure 7-16). Thus, long rise times combined with low slip 
velocities, or short rise times with high slip velocities, produce relatively uniform slip in the fault’s 
interior.
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velocities were allowed to vary over a wide range (between 0.6*β to 1.05*β, see Figure 7-19) to

allow rupture directivity caustics to develop, and to produce variable rupture times (Figure 7-20).

A large number of assumptions and choices must be made to specify an earthquake rupture

models. Some of the interdependencies between different rupture parameters are discussed in the

captions of Figures 7-15 to 7-20.

A scale factor of 1.5 was used for the five stiff soil sites since hard-rock site-specific stochastic

3D Green’s functions were used at all sites, consistent with the results of Field et al. (1997). The

scale factor for the Paicoma Dam (PDM) record was set to one since it’s foundation shear-wave

velocities of ~2 km/s correspond to a hard rock site. The rupture model that produced the best-

fitting synthetic peak azimuth oriented velocity and acceleration horizontal ground motions

(Figures 7-21 to 7-26) and response spectra (Figure 7-27) fit the observed data about as well as

O’Connell (1999a; 1999c). The stochastic kinematic rupture model and synthetic Green’s

function reproduce the Northridge near-source strong motion data as well as the deterministic

kinematic rupture model of O’Connell (1999a; 1999c).      

The region of low rupture velocity west of the hypocenter in Figure 7-19 is required to reproduce

the observed delays between the initial shear waves from the hypocentral region and the largest

amplitude shear waves that generally occur several seconds later (Figure 7-23 to 7-25). Hartzell et

al. (1996) also find a region of relatively low rupture velocity west of the hypocenter in their

inversion for slip, rupture velocity, and rake associated with the Northridge earthquake. This

region of low rupture velocities is the only deterministic aspect of the Northridge rupture model.

All other portions of the model where generated using stochastic methods intrinsic to the

kinematic rupture model of Section 6. 

The slip model (Figure 7-18) is similar estimated slip from Wald et al. (1996). Hartzell et al.

(1996) estimate a greater proportion of slip near the hypocenter. The stochastic rupture slip-

velocity model has largest slip-velocities below 14 km depth (Figure 7-16), but the longest rise

times are at shallower depths (Figure 7-17) which results in the largest slips occurring at in the top

portion of the rupture (Figure 7-18). It may be possible to reconcile the contrasting slip estimates

of Wald et al. (1996) and Hartzell et al. (1996), if the Wald et al. (1996) results are more sensitive
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Figure 7-19:  Fractional-rupture-velocity distribution that produced the best-fitting Northridge ground 
motion.   Slip velocity (Figure 7-16) is dependent on (Vr/Vs). The perspective is looking down, 
normal to the fault plane. The hypocenter is the white circle. The fault is discretized using a 0.2 km 
spacing. A correlation length of 5 km is used to generate the fractal rupture velocity variations. The 
slip-velocity distribution is produced by effective stresses with 15 km correlation lengths combined 
with (Vr/Vs) variations produced using 5 km correlation lengths. Thus, the correlation length of slip 
velocity is intermediate between these two values.
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Figure 7-20:  Rupture time distribution that produced the best-fitting Northridge ground motion. The 2D 
eikonal travel-time approach of O’Connell (1999c) is used with Vr/Vs from Figure 7-19 to estimate 
rupture time. The perspective is looking down, normal to the fault plane. The hypocenter is the white 
circle. The fault is discretized using a 0.2 km spacing. Without manually inserting regions of 
systematic rupture as was done for the Northridge simulations here, this approach does not allow for 
discontinuous rupture velocities that have been inferred for several earthquakes, including the 1984 
M 6.2 Morgan Hill earthquake (Beroza and Spudich, 1988) and the 1992 M 7.1 Petrolia earthquake 
(Oglesby and Archuleta, 1997). 
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Figure 7-21:  Observed and simulated peak horizontal component velocities and accelerations as labeled 
for station RSS (Rinaldi). Figure 7-11 provides station position.
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Figure 7-22:  Observed and simulated peak horizontal component velocities and accelerations as 
labeled for station SYL (Sylmar). Figure 7-11 provides station position.
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Figure 7-23:  Observed and simulated peak horizontal component velocities and accelerations as 
labeled for station NHL (Newhall). Figure 7-11 provides station position.
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Figure 7-24:  Observed and simulated peak horizontal component velocities and accelerations as 
labeled for station U56. Figure 7-11 provides station position.
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Figure 7-25:  Observed and simulated peak horizontal component velocities and accelerations as 
labeled for station PARD. Figure 7-11 provides station position.
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Figure 7-26:  Observed and simulated peak horizontal component velocities and accelerations as 
labeled for station PDM (Pacoima Dam downstream station). Figure 7-11provides station position.
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Figure 7-27:  Observed and best-fitting Northridge horizontal PSA response spectra. Observed spectra 
are thick curves and best-fitting synthetic spectra are thin curves. Stations are as labeled.
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to total slip, because they include geodetic data, and Hartzell et al. (1996) are more sensitive to

slip velocity because they only use strong motion data. Since Hartzell et al. (1996) used an L2

norm their inversion may only weakly constrain rise times because the inversion strongly

emphasizes fitting the largest amplitudes. Interestingly, Hartzell et al.’s (1996) inversions for

high-frequency radiation intensity are very similar to the slip-velocity patterns in Figure 7-16,

with the highest intensities confined to depths > 14 km. Thus, it may be possible that the

stochastic Northridge rupture model is compatible with both Wald et al. (1996) and Hartzell et al.

(1996). Resolution of these issues would require extensive resolution-trade-off analyses of the

various rupture inversion approaches.

The fractional rupture velocities suggest that supershear rupture velocities occurred below 15 km

depth over a significant portion of the fault (Figure 7-19). However, a 1D velocity model was

used to specify crustal shear-wave velocities in the source model. The 3D shear-wave velocity

model of Haucksson and Haase (1997) shows a strong velocity change between the footwall and

hangingwall of the Northridge fault between 15 and 20 km depth, with footwall velocities ~20%

higher than hangingwall velocities. Fault rupture propagating at about 85% of the local footwall

shear-wave velocities below 15 km depth would appear as slightly supershear rupture relative to

the 1D reference shear-wave velocity model. Consequently, the apparently large fractional rupture

velocities in Figure 7-19 most likely represent rupture velocities of 80-90% of local 3D shear-

wave velocities from Haucksson and Haase (1997). Using a hybrid global search inversion

Hartzell et al. (1996) obtain a similar pattern of rupture velocities as Figure 7-19.

The kinematic rupture model produces a broad range of ground motions as illustrated by the

quantile plots for the acceleration response spectra at the six stations (Figure 7-28). The rupture

model is clearly capable of produce ground motions larger and smaller than observed during the

Northridge earthquake. The Northridge simulations produced PSA natural logarithm variability of

~0.6, consistent with existing ground motion relations (Abrahamson and Silva, 1997; Sadigh et

al., 1997; Spudich et al., 1999). For instance, the synthetic model suggests that the Rinaldi (RSS)

ground motions correspond to 84% quantiles for the Northridge rupture geometry and that most

of the observed near-fault ground motions represent near-median expectations based on the

simulations. Thus, the stochastic kinematic rupture model produce ground motions consistent
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with statistical expectations. Some stochastically-generated kinematic rupture models may be

physically unrealizable (see Oglesby and Day, 2002) but this is a problem common to all

kinematic rupture models. The waveform-fitting and PSA spectral performance tests indicate that

the stochastic kinematic rupture model used to estimate ground motions in Section 6 performs as

well or better than other published kinematic rupture models (Silva and Lee, 1987; Somerville et

al., 1991; Schneider et al., 1993; Heaton et al., 1995; Jarpe and Kasameyer, 1996; Zeng et al.,

1994; Beresnev and Atkinson, 1997; Zeng and Anderson, 2000)  for predicting realistic near-

source ground motions. The only differences between the Northridge rupture models and the

Teton fault rupture models, besides obvious differences in fault geometry, were that no regions of

very low rupture velocity (< 0.6*Vs) where used for the Teton fault rupture simulations and

correlation lengths for effective stresses and other fault parameters where increased 33% to

account for the differences in magnitude between Northridge (M 6.7) and the northern Teton fault

segment (M 7.1), an approach consistent with the findings of Somerville et al. (1999).

Confirmation that the synthetic ground modeling approach used in Section 6 can reproduce near-

source ground motions from Northridge provides a justification to use the approach to consider

other dip-slip earthquake rupture geometries, including modeling ground motions associated with

normal-slip earthquakes on the Teton fault.  

7.3  Alternative Ground Motion Synthesis Approach of Frankel (1995)

Frankel (1995) developed a ground motion synthesis approach that is relatively simple, consistent

with fundamental constraints on earthquake source properties, and reproduced near-fault ground

motions from the 1989 M 7.0 Loma Prieta earthquake using aftershocks as empirical Green’s

functions (EGF), an approach pioneered by Hartzell (1978). The information necessary to

synthesize ground motions are the moments of the mainshock and the EGF earthquake, the focal

mechanism and corner frequency of the EGF earthquake, the distance of the EGF earthquake

from the site, the geometry of the mainshock fault surface, fault rupture times, shear-wave travel

times from the fault to the site, and a model for the spatial variability of stress drop on the

mainshock fault surface. Compared to the source model presented in Section 7.2, Frankel’s (1995)

approach is much simpler; it does not require explicit specification of parameters such as slip, slip

velocity, or rise time. 
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Let M0main be the moment of the mainshock, M0small be the moment of the EGF earthquake, and

Amain be the fault area of the mainshock. Frankel’s (1995) ground motion synthesis approach

consists of the following steps:

1. Calculate the empirical Green’s function fault area using the ratio of the EGF moment to the

target mainshock moment in a manner to preserve constant stress-drop scaling. This is done by

dividing the mainshock fault area into square cells (subfaults) with dimensions h by h, where h2 is

the area of the smaller EGF earthquake. The estimate of h is derived from

(7-6)

2. Sum the EGF of subfault patches distributed over the mainshock fault surface with appropriate

delays for rupture times and shear-wave propagation times and scaling at each fault EGF patch by

the ratio of the local stress drop to the mean EGF stress drop to obtain ground velocity as

(7-7)

where g(t) is the EGF velocity seismogram at the receiver site, X, N is the number of square cells

on the mainshock fault, ∆σi is the cell stress drop, ∆σsmall is the stress drop of the EGF

earthquake, tsi is the travel-time from the center of the subfault cell to the receiver, calculated

using the 3D shear-wave velocity model from Section 4, and tri is the rupture time calculated

using the kinematic rupture model outlined in Sections 6 and 7.2, R0 is the distance of the EGF

recording site from the EGF hypocenter, and Ri is the distance from the EGF recording site from

the subfault cell on the mainshock fault.

3. Apply a minimum phase convolution operator to  from (7-7) to scale frequencies less than

the EGF corner frequency to produce the correct proportion mainshock longer-period energy

relative to the EGF earthquake a relative slip-velocity with the spectrum

(7-8)
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where f is frequency, f0small is the corner frequency of the EGF earthquake, and f0main is the corner

frequency of the mainshock. The term C is chosen so that the total moment of the summed

subevents is the same as the mainshock moment using

(7-9)

where f0main is determined to produce a unity spectrum for frequencies greater than the small

earthquake f0small using

(7-10)

Frankel (1995) notes that f0main is proportional to (M0small)
-1/6. While this is an undesirable

feature of Frankel’s approach, since the corner frequency of the mainshock will depend on the

moment of the EGF earthquake, it is not a practical concern for Jackson Lake ground motions for

periods < 6 s. 

The spectral factorization method of Claerbout (1976) is used to find the minimum phase operator

with the spectrum from (7-8). This produces a relative slip-velocity function that starts with a

delta function (Figure 7-29) to preserve high-frequency response followed by a long-period pulse

to increases energy at frequencies less than the EGF corner frequency. The function in Figure 7-

29 is not the slip-velocity function of the mainshock, but is essentially the mainshock slip-velocity

function deconvolved using the source-time function of the EGF earthquake (Frankel, 1995). The

final step is to high-pass filter the estimated ground motions using corner frequencies dictated by

the signal-to-noise characteristics of the EGF earthquake recordings. Specific filter corner

frequencies are listed in subsequent sections for each EGF earthquake considered.

Andrews (1980) and Frankel (1991) showed that correlated-random spatial stress drop variations

on faults are necessary to reproduce ground motion characteristics, particularly the squared

C
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frequency spectral decay of ground displacement amplitudes with increasing frequency for

frequencies greater than a corner frequency which is inversely proportional to fault rupture

dimensions. Estimated ground motions implicitly include EGF effective stresses. If EGF effective

stresses are considered representative of mean effective stresses for a region, there is no need to

explicitly specify effective stresses. Instead, spatial variability of effective stresses on the fault

about the EGF effective stress are specified as indicated in Andrews (1980) and Frankel (1991)

using correlation distances that produce dominant asperity dimensions consistent with the

asperity size-magnitude relations of Somerville et al. (1999). As shown in Frankel (1995)

synthesized ground motions are only modestly dependent on stress drop characteristics. A range

of possible rupture velocities (e.g., subshear to supershear as discussed in Ben-Zion, 2002, and

O’Connell and Ake, in press) is easily incorporated into rupture time estimates. In all Jackson

Lake Dam ground motion simulations in this report, correlated-random Gaussian variations of

rupture velocities are constrained to values between 0.6*Vs(z) and 1.1*Vs(z) with a mean value

of 0.85*Vs(z), where Vs(z) represents variations in shear-wave velocity with depth. This wide

range of rupture velocities provides a rough way to account for modest three-dimensional velocity

variations in the crust relative to the 1D shear-velocity model used to calculate rupture times and

stopping times on the fault. For instance, a rupture velocity of 1.0*Vs(z) would correspond to a

rupture velocity of 0.91*Vs(x,y,z) at a point in the 3D velocity model where Vs(x,y,z) is 10%

faster than Vs(z). This is one way to incorporate Gaussian variations of crustal shear-wave

velocities in the kinematic component of the finite-fault source model.

Another appeal of Frankel’s (1995) approach is that it requires relatively few parameters that are

generally well constrained to specify the influence of wave propagation between the source and

the site. For instance, use of empirical Green’s functions reduces wave propagation assumptions

to the point that the only parameters are the distance of the empirical Green’s function from the

site and the distances of the discrete fault sub-elements from the site. For this study, broadband

recordings at site JLDW of several larger (M ~5) regional earthquakes and of two M ~3

earthquakes in the vicinity of the northern Teton fault segment provide empirical Green’s

functions necessary to estimate ground motions in the 0.2 Hz to 10 Hz frequency band.
Jackson Lake Dam 334
Ground Motion Evaluation



FINAL REPORT June 13, 2003
Frankel (1995) does not apply a radiation pattern correction to synthesize ground motions. The

approach used here is similar. The only portion of the radiation pattern that is accounted for in

applications of Frankel’s method is the application of shear-wave polarities at each EGF patch on

the fault as calculated from the 3D RGF’s in Section 6. There was no attempt to calculate the

amplitude variation of shear-wave radiation with azimuth and take-off angle. In contrast, in

Section 6, the RGF estimates of shear-wave amplitudes in the 0.5-1.5 Hz frequency band for dip-

slip faulting where used to scale the EGF amplitudes at each point-source integration point. As

summarized in Frankel (1995), a philosophical difficulty of fully employing the shear-wave

radiation pattern to the EGF is that scaling of phases following the initial shear-wave may be

inappropriate, and at some frequency between 1-10 Hz, the radiation pattern is likely to become

statistically insignificant. Since most existing ground motion synthesis methods do not

incorporate radiation patterns (Silva and Lee, 1987; Somerville et al., 1991; Schneider et al.,

1993; Zeng et al., 1994; Beresnev and Atkinson, 1997; Zeng and Anderson, 2000) using Frankel’s

approach provides a nice basis for comparison and contrast with the results from Section 6.

7.4  Ground Motions From Larger Regional Earthquakes

Broadband site recordings of M ~4-5 EGF earthquakes on the Teton fault would represent ideal

EGF’s for the purposes of synthesizing ground motions at Jackson Lake Dam because large S/N

ratios would be available in the 0.1 to 10 Hz frequency band of engineering interest. Such data

does not exist. However, several regional earthquakes within 150 km of Jackson Lake Dam were

recorded at sites JLDW and JLD3 which have adequate signal-to-noise (S/N) ratios to serve as

EGF’s for synthesizing ground motions in the 0.1-0.2 Hz to 5-10 Hz frequency band. The two best

regional earthquakes are a M 5.2 earthquake in Idaho about 120 km from site JLDW and a M 4.6

earthquake near Yellowstone about 100 km from site JLDW (Table 7-1). 

Table 7-1: Regional EGF Earthquake Locations

Date/Time 
(day mon yr hr:min:s)

Latitude
(degrees)

Longitude
(degrees)

Stress drop
(MPa)

Depth
(km)

M Moment
(dyne-cm)

21 Apr. 2001 17:18:57 42.925 -111.395 2.7 16.0 5.2 6.4*1023 

24 Nov. 2000 04:20:06 44.750 -111.690 3.1 4.6 4.6 8.9*1022 
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The best S/N ratios are obtained for the M 5.2 earthquake that occurred on 21 April 2001 in

southeastern Idaho, about 120 km from site JLDW (Figure 7-30). The 211° azimuth from JLDW

to the epicenter makes this earthquake a rough analog for seismic energy emitted from the

southwestern corner of the northern segment of the Teton fault. The advantages of this earthquake

are that surface wave responses are minimized by the position of the Teton Range between the site

and the epicenter and the horst and graben structure along the western portion of the travel path to

the dam site, the relatively low attenuation of the lower-crusted refracted initial shear-wave

arrival, the incidence of the shear-wave through the Teton fault surface toward the site, the

normal-faulting mechanism and moment estimate (USGS, PDE, Harvard CMT), the > 15 s delay

between the arrival of the initial shear-wave energy and the likely arrival of surface waves, and

the site and basin scaling and duration affects are implicitly contained in the site recordings. The

obvious disadvantages are that the earthquake is located more than 8 times distant from the site

relative to the mean distance of JLDW from the northern segment of the Teton fault (122 km

epicentral distance versus ~15 km mean distance from the northern segment of the Teton fault)

and surface waves attenuate more slowly than shear waves, so simple distance scaling will over

emphasize whole-path surface-wave amplitudes. Conversely, basin-edge waves including basin-

edge surface waves will be appropriately scaled as they are directly produced by incidence shear-

waves that are appropriately scaled by distance ratios. Since no broadband stations were installed

outside the low-velocity basin, clear identification of whole-path surface waves is not possible.

Table 7-1 provides PDE location information and Table 7-2 shows the focal mechanism estimated

from organization sources as indicated. The PDE source estimate were used because they where

Table 7-2: 21 April 2001 EGF Focal Mechanism Nodal Plane Estimates

Solution strike dip rake

PDE fault plane1: 345 43 -106 

PDE fault plane2: 186 49 -76

Harvard fault plane1: 11 43 -77

Harvard fault plane2: 173 48 -102

FAST NEIC fault plane1: 32 41 -75

FAST NEIC fault plane2: 193 50 -103
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the only estimates available for both earthquakes. Harvard moment tensor estimates were also

available for the 21 April 2001 earthquake which had moment estimates about 60% larger than

the PDE estimates. Since the PDE estimates used more regional stations than Harvard, the PDE

estimates were given preference. Although the PDE indicated the availability of a focal

mechanism for the M 4.6 24 Nov. 2000 Yellowstone earthquake in the monthly listings, no focal

mechanism information was found in the monthly listings.

For the M 5.2 21 April 2001 earthquake, the average SV radiation pattern for the azimuth and

take-off angle to station JLDW of 0.2 was found by searching over the range of possible strikes,

dips, and rakes indicated in Table 7-2 and take-off angle uncertainties of 10°. The average SV

radiation coefficient at site JLDW for a northern segment Teton fault normal-slip earthquake on a

35-45°-dipping normal fault is 0.44. Consequently, the EGF’s for the M 5.2 21 April 2001 were

scaled by a factor of 2.2 to roughly correspond to expected SV radiation of the northern Teton fault

at site JLDW. The EGF’s were corrected for crustal shear-wave attenuation since the EGF

earthquakes were located at significantly larger distances than distances of sites JLDW and JLD3

from then northern Teton fault segment. A shear-wave quality factor (q) of 200 and average

crustal shear-wave velocity (c) of 3.5 km/s were used to produce the frequency-domain

attenuation amplitude correction

(7-11)

where f is frequency, regf is the distance of the EGF earthquake from the site, and rmain is the

average distance of the simulated mainshock fault from the site. The frequency-dependence in (7-

11) ensures that attenuation is not overestimated for large frequencies, although this is not a

serious concern, since the principal objective is to evaluate > 1 s responses at sites JLDW and

JLD3 using these regional earthquake EGF’s.

The second regional EGF earthquake (M 4.6) occurred in the Yellowstone region on 24

November 2000 about 100 km from site JLDW. The advantage of this earthquake is that its nearly

due north azimuth demonstrates the strong > 1 s period excitation of the low-velocity basin for

seismic energy incident from the north. However, there are several significant caveats concerning

A f( ) e
regfπf 0.5– cq( )⁄( )

e
rmainπf 0.5– cq( )⁄( )

-----------------------------------------=
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using EGF’s from this earthquake. The source depth is relatively shallow (~4.4 km) and the

refracted low-crustal shear wave likely traversed one or more partial-melt zones associated with

the Yellowstone caldera (Nelson and Smith, 1999). Consequently, shear-waves appear severely

attenuated at short periods. No moment tensor inversion estimates are available for this event, so

event focal mechanism is not known and event moment uncertainties are probably > a factor of

two (+- 0.2 moment magnitude). The USGS PDE body-wave magnitude is 4.6 and the

Yellowstone seismic network local magnitude (ML) estimate is 4.3. The USGS PDE magnitude

was used to provide a consistent magnitude reference relative to the M 5.2 Idaho earthquake. The

delay of whole-path surface waves relative to the initial shear-wave arrival are probably ~10 s. It’s

not possible to distinguish between whole-path and basin-edge surface waves owing to the lack of

broadband recordings at stations outside the low-velocity basin. The simple distance correction

will overestimate whole-path surface wave amplitudes, but basin-edge surface amplitudes

induced by shear-wave arrivals will be appropriated scaled. Thus, the inability to identify and

distinguish the various surface waves due to the lack of a broadband seismographic station

adjacent to the low-velocity basin severely limits the quantitative interpretation of estimated

ground motions within the low-velocity basin produced using these regional EGF’s. Attenuation

corrections were applied using (7-11). although these corrections are not adequate to account for

the severe shear-wave attenuation likely associated with potential partial-melt zones in the

Yellowstone area. 

The specification of the source parameters in the Frankel (1995) method was made as simple as

possible. For the northern Teton fault segment, a hypocenter between the end of the fault segment

and station JLDW, and a receiver at site JLDW, isochrones (sum of rupture and shear-wave travel

times) have a hyperbolic distribution with a maximum isochrones time of 15 s. Uniform random

numbers totaling the number of subfault cells were generated, squared, and scaled to a maximum

of 15 s to produce approximate isochrone estimates for each subfault cell. Stress drop variations

were constructed using uniform random variations scaled to ratios < a factor of two about the

mean while making the mean stress drop of the mainshock the same as the EGF earthquake. This

implicitly sets the stress drop correlation length to the subcell dimensions of the EGF earthquakes

(see Table 7-3). This provides a source model specification completely independent of the

approach used in Sections 6 and 7.2 to test the sensitivity of estimated ground motions to
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kinematic source model specifications. EGF parameters used in the ground motion simulations

are shown in Table 7-3. The minimum frequencies were determined by inspection of S/N ratios in

the site recordings. Corner frequencies were difficult to impossible to reliably selected from the

low-velocity basin recordings, given uncertainties due to various propagation effects including

attenuation, amplification, etc. Consequently, while the data provide some support for picking the

corner frequency of the M 5.2 21 April 2001 EGF earthquake, the corner frequency M 4.6 for 24

November 2000 EGF earthquake was assigned to produce a stress drop consistent with mean

stress drops for the Basin and Range (see discussion in Ichinose et al, 1997) because the severe

attenuation of shear-waves precluded estimating the corner frequency from the JLDW site

recordings. Ground motions were simulated using the recordings of both regional EGF

earthquakes at rock site JLDW and soil site JLD3.

7.4.1   Rock Site JLDW. Site JLDW velocity seismograms from the M 5.2 Idaho,

earthquake (Figure 7-31) have remarkably long short-period durations for a rock site. Large peak

horizontal velocities (PHV) > 50% of initial shear-wave PHV’s persist for > 40 s. Peak vertical

velocities are about half the PHV’s (Figure 7-31). Since there are no broadband seismographic

stations outside the low-velocity basin, it is not possible to clearly identify whole-path surface

waves or to ascertain if they are significant contributors to the observed ground motions at site

JLDW. The S/N for all three components is adequate to model ground motions to periods

extending to 10-20 s and for frequencies < 10 Hz (Figure 7-32). The acceleration response spectra

are shown in (Figure 7-33).

The synthetic JLDW vertical response prior to application of (7-8) in Figure 7-34 have the

spectral responses for typical soil sites with acceleration response spectra amplitudes nearly

Table 7-3: Regional EGF Earthquake Simulation Parameters

Date/Time 
(day mon yr hr:min:s)

Min f
(Hz)

f0small 
(Hz)

Stress drop
(MPa)

M Moment
(dyne-cm)

Scaling

21 Apr. 2001 17:18:57 0.05 0.6 2.7 5.2 6.4*1023 2.26

24 Nov. 2000 04:20:06 0.1 1.2 3.1 4.6 8.9*1022 1.0
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Figure 7-31:  Site JLDW velocity seismograms from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. Vertical dashed lines divided the seismograms into pre-event noise and 
signal portions for spectra shown in Figure 7-32.
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Figure 7-32:  Site JLDW Fourier velocity spectra from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. Solid curves are signal spectra and dotted curves are noise spectra using 
the time windows indicated in Figure 7-31.
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Figure 7-33:  Site JLDW acceleration response spectra from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. 
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLDW Vertical
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Figure 7-34:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW vertical response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-31 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-35.
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monotonically decreasing with increasing period from a peak amplitude at 0.5 s. However, when

(7-8) is applied to produce vertical ground motions corresponding to a M 7.1 northern Teton fault

segment earthquake (Figure 7-35), acceleration response spectral amplitudes begin to increase

with period for periods > 3.5 s. This is consistent with the 5-10 s period of the dominant

displacement pulse in Figure 7-35, which is also present in Figure 7-34. The timing of the large-

displacement pulse within 10 s of the earliest arriving shear-wave is inconsistent with the large-

displacement pulse being associated with a whole-path surface wave arrival, which should arrive

at least 15 s after the initial shear wave, e.g., at times > 60 s. Thus, the large > 3 s synthetic

vertical acceleration response at site JLDW in Section 6 appear reasonable because they are

produced using purely empirical body-wave site responses (e.g., EGF’s) with excellent S/N

(Figure 7-32).

The shear-wave attenuation correction over-amplifies the P-wave arrivals at the beginning of the

north component (Figure 7-36), particularly when the total amplitude and phases corrections from

(7-8) are applied (Figure 7-37). The shear-wave attenuation reverses dispersion which results in

overly compressed high-frequency P-wave arrivals. Since the focus here is on responses for

periods > 1 s this is not a serious issue. The most remarkable aspect of the north component at

rock site JLDW is that peak velocities > 100 cm/s persist for about 40 s and that peak velocities >

50 cm/s span a 60 s time window (Figure 7-37). Peak velocities > 10 cm/s persist for more than 2

minutes. These are long durations for a M ~7 earthquake close to a rock site. Spectral

accelerations remain > 0.5 g for periods extending to 4 s. The north component’s long durations

and strong long-period acceleration responses are consistent with hypothesis that the low-velocity

basin in the hangingwall of the Teton fault efficiently traps energy, amplifying long-period

motions, and substantially increasing strong motion durations at even rock sites within the low-

velocity basin. The east component exhibits a nearly monochromatic strong ~4-5 s response with

peak velocities > 100 cm/s starting with a few seconds of the initial shear-wave arrival at ~47 s,

even before application of (7-8) (Figure 7-38), The 4-5 s responses are even more pronounced in

the complete east synthetic motions (Figure 7-39). The strong excitation of the 4-5 s responses

clearly visible in the velocity and displacement seismogram begins within 5 s of the initial shear-

wave arrival, which is too early to correspond to whole-path surface wave arrivals in the EGF’s.

Thus, the increase in acceleration responses for periods > 3 s in Figure 7-39 is associated with real
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Figure 7-35:  M 7.1 northern Teton fault earthquake simulation JLDW vertical response.  This is the 
total response obtained by combining the velocity seismograms from Figure 7-34 with (7-8).
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLDW North
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Figure 7-36:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW north response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-31 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-37.
347 Report 2003-2



June 13, 2003 FINAL REPORT
Long-period response APPLIED: M 5.2 21 Apr. 2001 Idaho JLDW North
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Figure 7-37:  M 7.1 northern Teton fault earthquake simulation JLDW north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-36 with (7-8). Note the 
largest accelerations are associated with P-wave energy near the beginning of the shaking that 
reflects overcorrection of the pre-shear-wave energy for whole-path crustal shear-wave attenuation.
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLDW East
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Figure 7-38:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW east response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-31 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-39.
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Long-period response APPLIED: M 5.2 21 Apr. 2001 Idaho JLDW East
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Figure 7-39:  M 7.1 northern Teton fault earthquake simulation JLDW east response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-38 with (7-8).
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signal because S/N is > 10 for periods < 10 s (Figure 7-32) and suggests that the strong > 3 s

synthetic acceleration responses in Section 6 are probably realistic. Conversely, the greater than

two-minute-long > 10 cm/s velocity responses in Figures 7-35, 7-37, and 7-39 indicate that the

synthetic durations in Section 6 are probably less than half of realistic durations for site JLDW.

However, the lack of reference broadband stations adjacent to the low-velocity basin preclude

definitive conclusions concerning the basin responses because whole-path surface responses (that

could significantly bias impressions of responses within the low-velocity basin) cannot be

determined from the basin recordings. To put these rock durations in some perspective, assuming

a “normal” duration of about 40 s of coda for a rock site close to a M ~7 earthquake, a 140 s total

duration from results in Figures 3-34 to 3-39, and a rupture velocity of 3 km/s, a duration of 100 s

would correspond to a 300-km-long unilateral rupture. The rupture-length relations of Wells and

Coppersmith (1994) estimate a magnitude 8 for a rupture length of 300 km. Thus, the effective

magnitude at rock site JLDW is about one magnitude higher than the actual earthquake.

The rock site JLDW seismograms from the M 4.6 Yellowstone earthquake are virtually devoid of

high-frequency shear-waves (Figure 7-40) in stark contrast to the corresponding seismograms

from the M 5.2 Idaho earthquake (Figure 7-31). As discussed earlier, this is consistent with strong

shear-wave attenuation associated with partial-melt in the Yellowstone region (Miller and Smith,

1999). Only the east component has adequate S/N to model ground motions to periods extending

to 10 s (Figure 7-41), although adequate S/N is available on the vertical and north components to

model ground motions to periods extending to 5 s. The minimum periods of adequate S/N are

limited to periods > 0.5 s for the horizontal components and periods > 1 s for the vertical

component (Figure 7-41). These represent minimally adequate S/N to evaluate long-period

ground motions at the site JLDW. The most striking aspect of the seismograms and their

acceleration response spectra is the increase of acceleration responses for periods > 2.5 s (Figure

7-42) and the associated long-durations of these long-period motions (> 100 s) at this rock site. It

is likely that some of the large-amplitude arrivals in the 50-60 s time window are whole-path

surface waves, based on expected surface-wave travel times. However, the persistent

reverberations for times substantially later than 60 s are likely the result of waves trapped in the

low-velocity basin. This indicates that the basin is more strongly excited by seismic energy

approaching from the NNW. Lacking reference broadband stations outside the low-velocity basin
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Figure 7-40:  Site JLDW velocity seismograms from the 24 Nov. 2000 M 4.6 Yellowstone earthquake. 
Components are as labeled. Vertical dashed lines divide the seismograms into pre-event noise and 
signal portions for spectra shown in Figure 7-41. Note significant amplitudes persist to the end of 
the record. The double arrows show ~20 s time intervals between local peak velocities in the coda 
following the time interval of likely whole-path surface waves, denoted by the dashed-rectangles.
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Figure 7-41:  Site JLDW Fourier velocity spectra from the 24 Nov. 2000 M 4.6 Yellowstone 
earthquake. Components are as labeled. Solid curves are signal spectra and dotted curves are noise 
spectra using the time windows indicated in Figure 7-40.
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Figure 7-42:  Site JLDW acceleration response spectra from the 24 Nov. 2000 M 4.6 Yellowstone 
earthquake. Components are as labeled. 
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it is not possible to draw definitive conclusions as to the relative proportions of whole-path and

basin-edge induced responses from the JLDW seismograms. There is weak evidence in the

horizontal seismograms, particularly the north component, of a ~20 s repeating of local peaks in

ground velocity (Figure 7-40) which would be consistent with ~1-km/s phase velocities of trapped

waves reverberating in the ~20-km-long (north-south extent) low-velocity basin in the 3D

velocity model of Sections 4 and 6. The time interval is slightly longer than 20 s for the north

component and slightly less than 20 s for the east component which would be consistent with

basin-edge-induced Love waves on the east component and basin-edge-induced Rayleight waves

on the north and vertical components and expected surface wave polarizations for energy incident

from the NNW. The strong > 2 s horizontal acceleration responses (Figure 7-42) are probably

whole-path fundamental-mode surface waves and likely produce the maximum horizontal

velocities in Figure 7-40. Thus, long-period acceleration spectra produced using the Yellowstone

earthquake as EGF’s should be interpreted with caution since body-wave distance-amplitude

corrections will overcorrect whole-path surface wave amplitudes for the M 4.6 Yellowstone

earthquake by as much as a factor of 2.5. 

Simulated vertical motions using the Yellowstone earthquake EGF decrease very slowly with

increasing time (Figures 7-43 and 7-44). It is likely that some of the largest amplitudes in the 40-

60 s time window are associated with exaggerated-amplitude whole-path surface waves.

However, it is remarkable that peak amplitudes at 120 s are comparable to peak amplitudes prior

to 40 s; neither of these time windows is likely to contain whole-path surface wave energy. The

north component has the strongest long-duration responses (Figure 7-45 and 7-46) with a local

peak velocity at about 85 s of ~50 cm/s that appears to repeat three more times in the record with

about 20 s delays between peaks (105 s, 125 s, and 145 s). The peak velocity of each successive

peak decreases slowly and is only halved in the third peak at ~145 s relative to the peak at ~85 s.

The acceleration responses for periods > 2 s are probably exaggerated by whole-path surface

waves in the 40-60 s time window, but probably not by more than a factor of two since the longer-

period basin-edge induced arrivals later than 60 s have amplitudes more than half of the initial

shear-waves. The east component (Figures 7-47 and 7-48) shows a weaker pattern of repeated

local coda peak amplitudes that have a slightly reduced time separation relative to the north

component (Figure 7-48), consistent with the coda of the east component being dominantly
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLDW Vertical
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Figure 7-43:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW vertical response 
before long-period correction.  The M 4.6 JLDW seismograms from Figure 7-40 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-44. Periods with inadequate S/N are hatchered.
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Long-period response APPLIED: M 4.6 24 Nov. 2000 Yellowstone JLDW Vertical
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Figure 7-44:  M 7.1 northern Teton fault earthquake simulation JLDW vertical response.  This is the 
total response obtained by combining the velocity seismograms from Figure 7-43 with (7-8). 
Periods with inadequate S/N are hatchered.
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLDW North
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Figure 7-45:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW north response 
before long-period correction.  The M 4.6 JLDW seismograms from Figure 7-44 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-46. Periods with inadequate S/N are hatchered.
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Long-period response APPLIED: M 4.6 24 Nov. 2000 Yellowstone JLDW North
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Figure 7-46:  M 7.1 northern Teton fault earthquake simulation JLDW north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-45 with (7-8). Periods 
with inadequate S/N are hatchered. Dotted line outlines local peak amplitudes in the coda separated 
by ~20 s intervals.
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLDW East
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Figure 7-47:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLDW east response 
before long-period correction.  The M 4.6 JLDW seismograms from Figure 7-44 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-48. Periods with inadequate S/N are hatchered.
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Figure 7-48:  M 7.1 northern Teton fault earthquake simulation JLDW north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-47 with (7-8). Periods with 
inadequate S/N are hatchered. Dotted line outlines local peak amplitudes in the coda separated by 
~20 s intervals in the north component (Figure 7-46) and the solid line shows weaker local amplitude 
peaks with < 20 s intervals that may be associated with basin-edge-induced Love waves.
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comprised of basin-edge-induced Love waves (~10% faster phase velocities relative to Rayleigh

waves on the north component). Probably a significant portion of the 45-60 s time window on the

east component is dominated by whole-path surface waves, so peak acceleration responses at

periods > 2 s in Figure 7-48 are probably overestimated. Without reference broadband recordings

outside the low-velocity basin it is not appropriate to make quantitative interpretations of the

long-period acceleration responses in Figures 7-44, 7-46, and 7-48. What is clear from these

simulations is that energy from the shallow portion of the northern Teton fault segment north of

the low-velocity basin is likely to substantially increase strong motion durations at rock site

JLDW, with peak velocities possibly exceeding 20 cm/s after two minutes of shaking. This strong

basin excitation for energy arriving from a NNW azimuth may be associated with the abrupt,

steeply dipping geometry of the northwest portion of the low-velocity basin margin as is

discussed in more detail in Section 7.6.

7.4.2   Soil Site JLD3. Soil site JLD3’s peak velocities from the M 5.2 Idaho earthquake

(Figure 7-49) are amplified by a factors of 2-3 relative to the rock abutment reference site JLDW

(Figure 7-31) which results in longer durations of stronger ground shaking with east peak

velocities at a time of 170 s on Figure 7-49 that are four times larger than corresponding peak

velocities at site JLDW. Figure 7-50 shows that there is adequate S/N to synthesize ground

motions in the 0.1-10 Hz frequency band. The acceleration response spectra (Figure 7-51) have

several strong resonances peak that are absent from the rock site JLD3 (Figure 7-33). The 5 Hz

(0.2 s) resonance peak on all components in Figure 7-51 is probably associated with fundamental-

mode resonance of the embankment. Assuming a 15 m structural height, an average embankment

shear-wave velocity of 300 m/s, and a quarter-wavelength approximation, yields a resonance

frequency of 5 Hz. Observation of embankment resonance response at site JLD3 is not surprising,

since site JLD3 is located within ~15 m of the downstream toe of the embankment. Because site

JLD3 is contaminated with structural resonance responses for frequencies of ~ 5 Hz are greater,

interpretation of the JLD3 synthesized motions must be limited to periods > 0.2-0.3 s. The

horizontal component resonance at 2 Hz correlates reasonably well with an impedance contrast at

a depth of ~10 m in Figure 5-3 and average shear-wave velocities of 80-100 m/s. There is a strong

local horizontal acceleration response peak at a period of ~1.2 s (Figure 7-51), consistent with a

fundamental quarter-wavelength soil resonance for a 30 m deep soil with an average shear-wave
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Figure 7-49:  Site JLD3 velocity seismograms from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. Vertical dashed lines divided the seismograms into pre-event noise and 
signal portions for spectra shown in Figure 7-50.
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Figure 7-50:  Site JLD3 Fourier velocity spectra from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. Solid curves are signal spectra and dotted curves are noise spectra using 
the time windows indicated in Figure 7-49.
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Figure 7-51:  Site JLD3 acceleration response spectra from the 21 Apr. 2001 M 5.2 Idaho earthquake. 
Components are as labeled. The large 1-1.5 s horizontal responses are consistent with ~30 m 
thickness of low-velocity (~100 m/s shear-wave velocity) sediments. Dashed lines show 
corresponding rock site JLDW responses from Figure 7-33. Gray regions denote periods where the 
embankments resonant responses preclude interpreting the results in terms of ground response.
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velocity of 100 m/s (From Figure 5-3). This represents a spectral acceleration amplification at 1.2

s of about a factor of 3-4 larger than rock site JLDW. Strong spectral acceleration amplification

extends to periods of 3-4 s, consistent with an average soil basin shear-velocity of 140 m/s and an

average soil thickness of 140 m beneath site JLD3 (and most of the embankment section of the

dam). There is a 0.7 s resonant peak on the vertical component (Figure 7-51) that correlates with a

persistent package of large amplitude arrivals in the 45-80 s time window in Figure 7-49 which is

not easily explained using P-wave or shear-wave velocities indicated for the site in Figure 5-3.

For the vertical component synthetic motions, the largest differences in response between soil site

JLD3 and rock site JLDW are at periods < 1 s (Figure 7-52 and 7-53). This is somewhat

inexplicable because soil responses are generally assumed to not strongly influence vertical

ground motions (shear-waves at near-vertical-incidence should only weakly influence vertical

motions). It’s difficult to invoke S-to-P converted phases as a suspect since the maximum vertical

acceleration responses coincide with the arrival of the first shear-waves and large acceleration

phases on the horizontal components (Figures 7-54 to 7-57). If nearly-vertical shear-waves are not

responsible for the large < 1 s vertical accelerations, it is not clear how to account for the

influence of soil nonlinearity on the vertical soil ground motions. 

JLD3 north component soil acceleration responses are nearly uniformly amplified (Figures 7-54

and 7-55) relative to rock site JLDW responses for periods < 2 s with soil amplification nearly

monotonically decreasing with increasing period for periods > 2 s (Figure 7-55). Peak velocities

exceeding 70 cm/s span an 85 s time window and peak velocities exceeding 100 cm/s span a 45 s

time window. While soil nonlinearly is expected to sharply attenuate acceleration responses for

periods < 1 s, recent investigations (Archuleta et al., 2000; Bonilla, 2000) have showed that soil

nonlinearity is likely to increase accelerations responses for periods > 1 s. Thus, while north

component soil acceleration responses at site JLD3 for periods in the 1-2 s range exceed 2 g

(Figure 7-55) soil nonlinearity may actually further amplify > 1 s acceleration responses.

Comparable results are obtained for the east component (Figure 7-56 and 7-57) except that peak

accelerations, velocities, and displacements are larger than the north component.
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLD3 Vertical
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Figure 7-52:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 vertical response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-49 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-53. Gray region is contaminated with embankment resonant responses.
367 Report 2003-2



June 13, 2003 FINAL REPORT
Long-period response APPLIED: M 5.2 21 Apr. 2001 Idaho JLD3 Vertical
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Figure 7-53:  M 7.1 northern Teton fault earthquake simulation JLD3 vertical response.  This is the 
total response obtained by combining the velocity seismograms from Figure 7-52 with (7-8). 
Dashed line shows the corresponding JLDW rock site PSA response. Gray region is contaminated 
with embankment resonant responses.
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLD3 North
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Figure 7-54:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 north response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-49 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-55. Gray region is contaminated with embankment resonant responses.
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Figure 7-55:  M 7.1 northern Teton fault earthquake simulation JLD3 north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-54 with (7-8). Dashed line 
shows the corresponding JLDW rock site PSA response. Gray region is contaminated with 
embankment resonant responses.
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Long-period response NOT applied: M 5.2 21 Apr. 2001 Idaho JLD3 East
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Figure 7-56:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 east response 
before long-period correction.  The M 5.2 JLDW seismograms from Figure 7-49 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-57. Gray region is contaminated with embankment resonant responses.
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Figure 7-57:  M 7.1 northern Teton fault earthquake simulation JLD3 east response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-56 with (7-8). Dashed line 
shows the corresponding JLDW rock site PSA response. Gray region is contaminated with 
embankment resonant responses.
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Soil site JLD3 seismograms from the M 4.6 Yellowstone earthquake are virtually devoid of high-

frequency shear-waves (Figure 7-58) as were the rock site seismograms (Figure 7-40). The usable

periods band with adequate S/N extends from about 0.5 s to 5 s (Figure 7-59). The amplified 1-2 s

period soil site responses are clearly apparent in the acceleration response spectra (Figure 7-60).

Synthesized vertical responses are only modestly amplified, except for periods < 1 s (Figures 7-61

and 7-62), similar to the vertical responses obtained using the M 5.2 Idaho JLD3 vertical EGF.

North component acceleration responses are nearly uniformly amplified independent of period

(Figure 7-63 and 7-64) relative to rock site JLDW responses. In contrast, east component

acceleration amplification modestly decreases with increase period for periods > 2.5 s (Figures 7-

65 and 7-66). The very-low-velocity soil basin deepens in the northerly direction and the

increased acceleration amplifications at soil site JLD3 at periods > 2 s relative to the rock site

JLDW for the Yellowstone earthquake probably reflect an effectively deeper soil basin for energy

incident from the NNW relative to energy arriving from the SSW (Idaho earthquake). The

Yellowstone EGF results suggest that energy arriving from the northern end of the northern Teton

fault segment will more strongly amplify long-period accelerations along the embankment section

of the dam than energy incident from the southern end of the northern Teton fault segment or the

southern Teton fault segment. This is discussed in more detail using local earthquakes in Section

7.5 below.

7.5  Ground Motion Synthesis with Local Broadband Empirical Green’s Functions

The database of site response earthquake recordings yielded two local earthquakes located near

the northern Teton fault segment with sufficient S/N to use as EGF’s for simulating ground

motions for periods extending to 2-3 s (Table 7-4). A third local M 3.7 earthquake located near

the southern Teton fault segment provides some information about the likely response

Table 7-4: Local Broadband Empirical Green’s Function Earthquake Information

Date
(yr/mon/day)

Time
(hr,min,sec)

Latitude
(degrees N)

Longitude
(degrees E)

Elevation
(km wrt msl)

Magnitude

1998/07/11 16:10:3.152 43.91073 -110.64070 -3.72 2.9

2002/11/20 02:14:2.000 43.68424 -110.49812 -2.87 3.2
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Figure 7-58:  Site JLD3 velocity seismograms from the 24 Nov. 2000 M 4.6 Yellowstone earthquake. 
Components are as labeled. Vertical dashed lines divided the seismograms into pre-event noise and 
signal portions for spectra shown in Figure 7-59. Note significant amplitudes persist to the end of 
the record.
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Figure 7-59:  Site JLD3 Fourier velocity spectra from the 24 Nov. 2000 M 4.6 Yellowstone earthquake. 
Components are as labeled. Solid curves are signal spectra and dotted curves are noise spectra using 
the time windows indicated in Figure 7-58.
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Figure 7-60:  Site JLD3 acceleration response spectra from the 24 Nov. 2000 M 4.6 Yellowstone 
earthquake. Components are as labeled. Note the largest horizontal responses are between 1 s and 2 
s.
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLD3 Vertical
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Figure 7-61:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 vertical response 
before long-period correction. The M 4.6 JLDW seismograms from Figure 7-58 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-62.
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Figure 7-62:  M 7.1 northern Teton fault earthquake simulation JLD3 vertical response. This is the 
total response obtained by combining the velocity seismograms from Figure 7-61 with (7-8).
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLD3 North
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Figure 7-63:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 north response 
before long-period correction.  The M 4.6 JLDW seismograms from Figure 7-58 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-64.
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Figure 7-64:  M 7.1 northern Teton fault earthquake simulation JLD3 north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-45 with (7-8).
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Long-period response NOT applied: M 4.6 24 Nov. 2000 Yellowstone JLD3 East
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Figure 7-65:  Subevent sum M 7.1 northern Teton fault earthquake simulation JLD3 east response 
before long-period correction.  The M 4.6 JLDW seismograms from Figure 7-58 were the EGF’s 
used in (7-7). Corresponding complete synthetic vertical responses incorporating (7-8) are shown in 
Figure 7-66.
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Long-period response APPLIED: M 4.6 24 Nov. 2000 Yellowstone JLD3 East
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Figure 7-66:  M 7.1 northern Teton fault earthquake simulation JLD3 north response.  This is the total 
response obtained by combining the velocity seismograms from Figure 7-58 with (7-8).
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characteristics for periods > 1 s to seismic waves incident from the southern Teton fault segment.

The epicenters of these three earthquakes are shown in Figure 7-67. The vertical components of

the EGF earthquakes in Table 7-4 have lower S/N relative to the horizontal components (Figure 7-

68 and 7-69), limiting the usable period range to 0.5 s to 2 s for the vertical components, and 0.2 s

to 3 s for the horizontal components. The M 3.7 earthquake of 29 January 2002 has higher S/N on

all components (Figure 7-70), but is solely used to illustrate differential long-period responses

with respect to the M 2.9 EGF, whose S/N limits the period band of comparison. The same

rupture models used in Section 6 where used with the local earthquake EGF’s to ascertain the

influence of the Green’s functions on estimated ground motions at site JLDW. A total of 3300

ground motion simulations were produced using each of the two local EGF’s by varying

hypocenter locations, asperity models, etc. in precisely the same manner as in Section 6. The

EGF’s for the M 2.9 11 July 1998 earthquake are limited in duration because the older digital

recording system limited the total recording duration allowed for a single event (Figure 7-68).

More complete (longer duration) recordings were obtained using the newer digital recording

systems for the other two EGF earthquakes (Figures 7-69 and 7-70); record lengths for both these

earthquakes exceed two minutes.

7.5.1   Simulated Ground Motions Using the 11 July 1998 M2.9 EGF’s.  The July 11,

1998 EGF event had an oblique normal-slip focal mechanism (Figure 7-71) and was located ~8

km south of site JLDW. The focal mechanism constraints on rake required including > 30° of

strike-slip motion in the rake. This focal mechanism, azimuth, and takeoff angle produced an

average SV radiation coefficient (0.21) at site JLDW about half of the average SV radiation

coefficient for a northern segment Teton fault normal-slip earthquake on a 35-45°-dipping normal

fault (0.44). Consequently, the EGF was scaled by a factor of two to produce an effective SV

scaling consistent with the average radiation pattern on the northern segment of the Teton fault for

site JLDW.

For the purposes of illustration, the simulated ground motion with acceleration response spectra

closest to 84% quantile acceleration responses spectra (Figure 7-72) are shown in Figures 7-73 to

7-75. An L1 norm was used to find the synthetic ground motions with the smallest departure from

the 84% quantile PSA in the period range of 0.5 s to 3 s. As expected the fault-normal component
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Figure 7-67:  Epicenters of the three "broadband" EGF local earthquakes with P-wave 3D velocity model 
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Figure 7-68:  Site JLDW velocity seismograms and Fourier spectra from the M 2.9 11 July 1998 
earthquake. The vertical dashed lines on the seismograms indicate the end time of the noise time 
windows (dashed curves in the Fourier spectra) and the signal windows (solid curves in the Fourier 
spectra). Epicenter is shown on Figure 7-67 and event information is in Table 7-4.
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Figure 7-69:  Site JLDW velocity seismograms and Fourier spectra from the M 3.2 20 November 2002 
earthquake. The vertical dashed lines on the seismograms indicate the end time of the noise time 
windows (dashed curves in the Fourier spectra) and the signal windows (solid curves in the Fourier 
spectra). Epicenter is shown on Figure 7-67 and event information is in Table 7-4.
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Figure 7-70:  Site JLDW velocity seismograms and Fourier spectra from the M 3.7 29 January 2002 
earthquake. The vertical dashed lines on the seismograms indicate the end time of the noise time 
windows (dashed curves in the Fourier spectra) and the signal windows (solid curves in the Fourier 
spectra). Epicenter is shown on Figure 7-67 and event information is in Table 7-4.
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11 July 1998 M 2.9 EGF northern Teton vertical 84% quantile fitting
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Figure 7-72:  JLDW 84% quantile acceleration response spectra for the 11 July 1998 EGF. Dotted 
curves are 84% quantile response spectra from the 3300 northern Teton fault segment rupture 
simulations and solid curves are the response spectra from the best-fitting ground motion using an L1 
norm for periods between 0.5 s and 3 s. Corresponding seismograms are shown in Figure 7-33 to 7-
35. Hatched regions have inadequate S/N levels to interpret synthesized ground motions.
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Figure 7-73:  JLDW velocity seismograms for the best-fitting 84% quantile acceleration response spectra 
for the 11 July 1998 EGF. Note that the EGF were artificially truncated by the recording system, 
tapered to zero over the last 6 s of the seismograms during the simulation, and probably strongly 
underestimate the total duration of expected ground shaking. Also, signal-to-noise constraints dictated 
that the seismograms were high-pass filtered using corner frequencies as indicated on each 
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Figure 7-74:  JLDW acceleration seismograms for the best-fitting 84% quantile acceleration response 
spectra for the 11 July 1998 EGF. Note that the EGF’s were artificially truncated by the recording 
system, tapered to zero over the last 6 s of the seismograms during the simulation, and probably 
strongly underestimate the total duration of expected ground shaking.
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Figure 7-75:  JLDW displacement seismograms for the best-fitting 84% quantile acceleration response 
spectra for the 11 July 1998 EGF. Static and long-period responses were eliminated by the high-pass 
filters. See Figure 7-73 for details. 
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has the largest peak velocity (Figure 7-73), but the fault-parallel and vertical components also

have significant peak velocities with durations limited by the length of the EGF’s. Strong

accelerations associated with periods > 1 s are clearly evident throughout the acceleration

seismograms, and dominate ground motions after times of about 20 s (Figure 7-74). The high-

pass filtering necessitated by long-period noise limits interpretation of displacement seismograms

(Figure 7-75). More detailed comparison of simulated ground motions to the hybrid ground

motions of Section 6 is deferred to Section 7.5.4 below. Since the EGF’s are clearly truncated, the

only conclusion concerning duration is that strong ground shaking durations are likely to

significantly exceed 40 s (length of the EGF’s). 

7.5.2   Simulated Ground Motions Using the 20 November 2002 M 3.2 EGF. This

earthquake is located at the northern edge of the JLSN. Consequently, the focal mechanism is not

well-constrained, but includes a normal-faulting component on planes striking roughly northeast.

Constraints on focal mechanism rake are too weak to attempt to quantify shear-wave radiation, so

the EGF’s are used without any other scaling except simple distance corrections. Thus, it is

advisable to put little credence in the absolute amplitudes, but instead limit interpretation to the

general characteristics of the 0.5 s to 3 s period response range. Another significant caveat

concerning this earthquake is that it is depleted of > 1 Hz shear-waves relative to all eight EGF

earthquakes used in Section 6 and shown in Appendix D. Thus, the primary reason to use this

earthquake’s EGF’s is to evaluate responses for periods > 1 s, a period range where S/N is too low

to use the smaller magnitude EGF’s in Appendix D.

Mean and 84% quantile acceleration responses show a strong spectral peak in the 1-2 s period

range on all components (Figure 7-76) and weak acceleration responses for periods < 1 s. Shear-

wave resonance within the low-velocity basin provides a possible explanation of the strong 1.3-

1.8 s acceleration response in Figure 7-76. A local low-velocity basin thickness of 2-3 km and an

average shear-wave velocity of 1.5 km/s could produce a quarter-wavelength resonance similar to

the response in Figure 7-76, but does not explain the strong vertical component acceleration

responses in the same period range. The simulated ground motions closest to the 84% acceleration

response spectra (Figure 7-77) have the largest velocity responses on the north component (Figure

7-78), while vertical and fault-normal peak velocities are similar. It is possible that the fault-
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20 Nov 2002 EGF northern Teton vertical mean and 84% quantile
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Figure 7-76:  JLDW mean and 84% quantile northern Teton fault segment acceleration response spectra 
using the M 3.2 20 Nov. 2002 EGF. Dotted curves are 84% quantile response spectra and solid curves 
are corresponding means. Hatched areas are periods were noise levels are too large to warrant 
interpretation. 
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M 3.2 20 Nov 2002 EGF vertical 84% quantile fit
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Figure 7-77:  JLDW 84% quantile acceleration response spectra for the 20 Nov. 2002 EGF. Dotted 
curves are 84% quantile response spectra from the 3300 northern Teton fault segment rupture 
simulations and solid curves are the response spectra from the best-fitting ground motion using an L1 
norm for periods between 0.5 s and 3 s. Corresponding seismograms are shown in Figure 7-38 to 7-
40. Hatched areas are periods were noise levels are too large to warrant interpretation.
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Figure 7-78:  JLDW velocity seismograms for the best-fitting 84% quantile acceleration response spectra 
for the 20 Nov. 2002 EGF. Signal-to-noise constraints dictated that the seismograms were high-pass 
filtered using corner frequencies as indicated on each component. 
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parallel component has a significant basin-edge Love wave generated at the northwest basin

boundary and that the vertical and fault-normal components are dominated by basin-edge induced

Rayleigh waves. The peak acceleration responses of all the components is similar, although the

fault-parallel component has a stronger response at longer periods (Figure 7-79). The ~3 s

maximum period S/N-cutoff, limits interpretation of the displacement seismograms (Figure 7-80),

although the lack of clear correlation between the vertical and fault-normal displacement

seismograms argues against Rayleigh waves comprising a dominate phase on these ground

motion components. The principal conclusion is that energy incident from the northern Teton

fault segment north of the low-velocity basin appears to excite a very strong 1-2 s resonant

response at the JLDW rock site. Given the already strong 1-2 s period acceleration responses

observed at the JLD3 soil site associated with shallow soil resonances, this result suggests that

energy from the northern end of the northern Teton fault segment may especially amplify ground

motions in the 1-2 s period band for the embankment portion of the dam. Unfortunately, it appears

that the fundamental resonant periods of basins at two entirely different spatial scales coincide, a

situation that could produce unprecedented accelerations for periods > 1 s along the embankment

section of the dam. Station JLD3 was no longer operating and did not record the 20 Nov. 2002

earthquake, so a direct estimate of the impact of overlapping multi-basin resonant responses on

long-period acceleration responses for the embankment portion of the dam using EGF’s is not

possible.

7.5.3   Influence of EGF Location on Long-Period Responses. Another way to

ascertain the influence of incident direction on ground motions at the dam is to ratio acceleration

response spectra of the more distant EGF’s from the dam (the M 3.2 and M 3.7 earthquakes 20

north and 30 km SSW, respectively, see Figure 7-67) using the M 2.9 earthquake EGF’s as a

reference. There are a number of ways to attempt to correct for differences in distances, radiation

patterns, etc., but for the sake of simplicity each component EGF was normalized to a peak

velocity of one prior to calculating the PSA ratios. This serves to illustrate the differences in long-

period responses relative to consistent scaling of peak shear-wave amplitudes. All components of

the M 3.2 earthquake north of JLDW are amplified for periods of 1-2 s (Figure 7-81), but the

vertical component shows the strongest amplification. The uniform amplification of vertical

motions relative to a nearby earthquake sources makes intuitive sense, since incident angles
397 Report 2003-2



June 13, 2003 FINAL REPORT
Vertical

0 20 40 60 80
Time (s)

-200

-100

0

100

200

300
A

cc
el

er
at

io
n 

(c
m

/s
2 )

Fault parallel

0 20 40 60 80
Time (s)

-300

-200

-100

0

100

200

300

A
cc

el
er

at
io

n 
(c

m
/s

2 )

Fault normal

0 20 40 60 80
Time (s)

-400

-200

0

200

400

A
cc

el
er

at
io

n 
(c

m
/s

2 )

Figure 7-79:  JLDW acceleration seismograms for the best-fitting 84% quantile acceleration response 
spectra for the 20 Nov. 2002 EGF. Signal-to-noise constraints dictated that the seismograms where 
high-pass filtered using corner frequencies as indicated on each component.
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Figure 7-80:  JLDW displacement seismograms for the best-fitting 84% quantile acceleration response 
spectra for the 20 Nov 2002 EGF. Static and long-period responses were eliminated by the high-pass 
filters. See Figure 7-78 for details. 
399 Report 2003-2



June 13, 2003 FINAL REPORT
North M 3.2 EGF 25 km from JLDW Vertical

0 1 2 3 4
Period (s)

0

2

4

6

8
PS

A
 ra

tio

North M 3.2 EGF 25 km from JLDW North

0 1 2 3 4
Period (s)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

PS
A

 ra
tio

North M 3.2 EGF 25 km from JLDW East

0 1 2 3 4
Period (s)

0.0

0.5

1.0

1.5

2.0

PS
A

 ra
tio

Figure 7-81:  JLDW PSA ratios of the M 3.2 EGF ground motions to the M 2.9 EGF ground motions. 
The M 3.2 earthquake was located about 25 km north of site JLDW (Figure 7-67). Each component 
was normalized to a peak velocity of 1 cm/s prior to calculating the PSA ratios.
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decrease with increasing distance and the opportunities for phase conversion between body waves

and surface waves increases with distance. The north component is uniformly amplified at periods

> 1 s, but the east component is only strongly amplified for periods of 1-2.4 s (Figure 7-81). In

contrast, the north component from the M 3.7 earthquake to the SSW of site JLDW is only

amplified for periods of 1-3 s (Figure 7-82) and the east component does not show any long-

period amplification. The portion of the low-velocity basin south of the dam is postulated in

Section 4 to shallow toward the south. The amplification cutoff at a period of 3 s period in Figure

7-82 is consistent with estimated basin thickness of ~ 3 km beneath the dam. The progressive

shallowing of the basin to the south would reduce amplification periods which could explain the

broad amplification for periods extend down to 1 s on the north component in Figure 7-82. The

vertical component is amplified at all periods, consistent with expectations.

7.6  Comparison to Broadband Hybrid Ground Motions From Section 6.

For the purposes of comparison with Section 6 estimated ground motions a single dip scenario

(35°) and the only broadband local earthquake EGF that could be associated with the northern

Teton fault segment (the M 2.9 earthquake, 8 km south of JLDW in Table 7-4) were used to

synthesize ground motions using the same 3300 rupture scenarios used in Section 6.4.3. Table 7-5

shows the differences in peak velocities between the hybrid Green’s function estimates of Section

6 and the purely empirical Green’s function estimates using the single earthquake EGF. The EGF

Table 7-5: JLDW Rock Ground Motion Parameters: 35°-Dipping Northern Teton Fault Segment.

Component EGF peak 

velocity

Hybrid peak 

velocity

(cm/s) (cm/s)

fault-normal (E15S) mean 184 146

fault-normal (E15S) 84% 252 201

fault-parallel (N15E) mean 74 102

fault-parallel (N15E) 84% 108 135

Vertical mean 31 125

Vertical 84% 62 147
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Figure 7-82:  JLDW PSA ratios of the M 3.7 EGF ground motions to the M 2.9 EGF ground motions. 
The M 3.7 earthquake was located about 30 km SSW of site JLDW (Figure 7-67). Each component 
was normalized to a peak velocity of 1 cm/s prior to calculating the PSA ratios.
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fault-normal peak velocities are somewhat larger than the hybrid fault-normal peak velocities

because the EGF’s indicate a stronger long-period response (Figures 7-83 and 7-84). Fault-

parallel EGF peak velocities are about 30% smaller than hybrid estimates (Table 7-5). EGF

vertical peak velocities are much smaller than hybrid peak velocities (Table 7-5).. 

In light of the findings in Section 7.4 and 7.5 that energy from the ends of the Teton fault is likely

to strongly amplify fault-parallel and vertical responses relative to energy radiated from the

middle of the fault, the single-earthquake EGF estimates of fault-parallel and vertical peak

velocities in Table 7-5 are probably lower bounds. Conversely, based on the results of Sections

7.4 and 7.5 it appears that the M 2.9 EGF will somewhat overestimate fault-normal responses for

energy arriving from the ends of the northern Teton fault segment, so fault-normal single-

earthquake EGF peak velocities in Table 7-5 are probably overestimated.

Even more so than the mean (Figure 7-83) and 84% (Figure 7-84) E15S Section 6 hybrid

acceleration response spectra, the single-earthquake EGF spectra exhibit responses more similar

to soil responses from the Spudich et al. (1999) extensional acceleration attenuation relations than

rock responses. Direct comparison of the single-earthquake EGF 84% quantile spectra and the M

5.2 Idaho earthquake EGF spectra with the hybrid ground motion spectra from Section 6 (Figure

7-85) indicates that the hybrid ground motions probably provide realistic acceleration responses

for most periods with three significant caveats. First, it appears that the hybrid ground motions

overpredict vertical accelerations for periods > 2 s (Figure 7-85). Second, the hybrid horizontal

acceleration responses for periods from ~0.8 s to 1.5-2 s may be underestimated. Third, hybrid

ground motion durations are probably too short and lack prolonged periods (~40 s) of substantial

ground shaking with sustained peak velocities > 70 cm/s and sustained peak accelerations > 0.2 g

for rock site conditions and sustained peak accelerations exceeding 0.25 g along the embankment

section for more than 70 s.

The very-strong acceleration responses in Figures 7-83 to 7-85 for periods of 1-3 s are consistent

with trapped-wave resonances in the low-velocity basin for basin thicknesses varying between 2-

4 km. Figure 7-86 provides a schematic illustration of the first-order factors influencing the how

the low-velocity basins beneath Jackson Lake dam amplifies seismic energy and prolong ground-
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Figure 7-83:  JLDW rock site mean downstream horizontal PSA response spectra for a 35°-dipping 
northern Teton fault segment (solid).  SEA99 average horizontal component estimates for a M 7.0 
normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions. Red curve 
are the mean spectra using the M 2.9 earthquake EGF.
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Figure 7-84:  JLDW rock site hybrid Section 6 84% quantile downstream horizontal PSA response 
spectra for a 35°-dipping northern Teton fault segment (solid). SEA99 average horizontal 
component estimates for a M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock 
(dashed) site conditions. Red curve are the 84% quantiles using the M 2.9 earthquake EGF.
405 Report 2003-2



June 13, 2003 FINAL REPORT
fault-normal (E15S) N35

0 1 2 3 4
Period (s)

0

500

1000

1500

2000

2500
PS

A
 (c

m
/s

2 )

 fault-parallel (N15E) N35

0 1 2 3 4
Period (s)

0

200

400

600

800

1000

1200

PS
A

 (c
m

/s
2 )

vertical N35

0 1 2 3 4
Period (s)

0

200

400

600

800

1000

1200

1400

PS
A

 (c
m

/s
2 )

Figure 7-85:  JLDW rock site hybrid Section 6 PSA response spectra for a 35°-dipping northern Teton 
fault segment for all hypocenters. Mean hybrid curves are solid, 84% hybrid quantile curves are 
dotted, local M 2.9 broadband EGF 84% quantile curves are red, and M 5.2 Idaho EGF PSA spectra 
are blue curves. Components are as labeled.
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shaking durations. The northwestern boundary traps nearly all the waves incident to the 60°

boundary as critical reflections within the basin. This explains why the Yellowstone earthquake

and M 3.2 earthquake 25 km north of the dam produce such strong long-period acceleration

responses and long durations of strong ground shaking. The western boundary critically traps all

waves incident from the nearby portion of the fault plus a portion of the fault below the basin, but

does not trap steeply incident wave energy as effectively as the northwestern margin of the low-

velocity basin. The southern boundary critically traps waves incident from the western portion of

the Teton fault that extends south of the southern basin boundary, but does not trap steeply

incident wave energy as effectively as the northwestern margin of the low-velocity basin. This

partially explains why the M 5.2 Idaho earthquake and M 3.7 southern Teton fault segment

earthquake produce less long-period amplification at the dam than the earthquakes north of the

low-velocity basin. The situation at Jackson Lake Dam has two factors that appear to strongly

influence basin amplification. The relatively high shear-wave velocity of the basement rocks

(~3.5 km/s) at relatively shallow depths (2-3 km) produce a small critical angle of ~35° and a

shorter period resonance (1-3 s) than comparatively deeper basins in California (San Fernando

and Los Angeles). There are several significant departures of Figure 7-86 from the schematic of

Somerville et al. (2003) that inspired it. First, the steep dip of the northwestern portion of the

basin causes nearly all incident energy from the north at nearly all incident angles to be critically-

reflected within the basin. Second, Teton fault is embedded in high-velocity rocks very close to

the basin (only 1-2 km from the basin boundary) and parallels the basin edge for more than 10 km,

a configuration not present in the basin configurations considered by Somerville et al. (2003). All

these factors and results of the ground motion simulations in Sections 6 and 7 lead to the

conclusion that basin amplification and durations effects are likely to be stronger in the low-

velocity basin containing Jackson Lake Dam than any basin ground motion experience to date.

This is a result of the combined compounding effects of unusually large amplification of ground

motions by the low-velocity basin, basin-margin velocity structure, the location of the

embankment portion of the dam in an extremely low-velocity-basin embedded in a larger basin

with nearly identical fundamental mode resonant periods, the close proximity of the Teton fault to

the basin, and the Teton fault extending to the surface through high-velocity rocks within 1-2 km

of the western edge of the low-velocity basin.
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7.7  Discussion.

Somerville (2003) identified two aspects of the simulated ground motions in Section 6 that

warranted further investigation, the validity of the kinematic source model and verification of

basin response and its significance to estimate ground motions. The kinematic source model in

Section 6 was shown in Section 7.2 to reproduce near-source Northridge ground motions and their

associated statistical properties. An alternative source model (Frankel, 1995) produced ground

motions similar to Section 6. The estimated ground motions appear relatively insensitive to details

of rupture model specifications. Ground motion amplitudes are most sensitive to assumed stress

drop. A mean stress drop of 3.4 Mpa (34 bars) was used in Section 6 to produce rupture models

for the northern Teton fault segment and are consistent with stress drops associated with Basin

and Range earthquakes. Mayeda and Walter (1996) estimated stress drops in the western United

States using regional coda envelopes with corrections for attenuation. Their mean dynamic stress

drop for Basin and Range earthquakes was 3.0 Mpa (30 bars). Ichinose et al. (1997) found stress

drops of ~ 6.0 MPa (60 bars) for a normal-faulting earthquake sequence near Reno, Nevada, that

contained a M 4.5 mainshock. Doser (1986) estimated stress drops of 6-7 MPa (60-70 bars) for

the three M > 6 normal-faulting earthquakes in the Fairview Peak-Dixie Valley, Nevada,

earthquake sequence. Boatwright (1985) estimated dynamic stress drops 3.3 ±1.6 MPa (33 ±16

bars) and 7.7 ±5.2 MPa (77 ±52 bars) for aftershocks from two segment of the 1983 M 7.0 Borah

Peak, Idaho, earthquake. Mayeda and Walter (1996) find a tendency for dynamic stress drops to

increase with magnitude in the western United States and suggest that mean dynamic stress drops

of 3.0 MPa (30 bars) may underestimate dynamic stress drops of M 6.6-7.3 earthquakes in the

western United States. Thus, while the mean dynamic stress drop of 3.4 MPA (34 bars) used in

Section 6 appears reasonable, the regional stress drop results of Boatwright (1985), Doser (1986),

Mayeda and Walter (1996), and Ichonese et al. (1997) indicate that higher mean stress drops may

warrant consideration for estimating ground motions at Jackson Lake Dam. Thus, stress drop and

kinematic rupture models can be eliminated as potential biases that would overestimate ground

motions at Jackson Lake Dam. Borah Peak eyewitnesses accounts require significant stress drops

near the surface because surface-rupture rise times were 1-2 s. Near-surface stress drops

comparable to the Borah Peak earthquake are likely to produce ground motions larger than

estimated in this report because shallow stress drops were tapered to small values as the fault
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approached the surface in the kinematic rupture models. The Teton fault is located within 1-2 km

of the ~10-km-long basin-edge caustic region for the dam and slip-velocities of 50-100 cm/s

would experience limited geometric spreading before entering the western edge of the low-

velocity basin, where significant amplification would occur due to the extreme velocity contrast

between basement rocks and low-velocity basin rocks. 

The dip of the Teton fault is probably the largest remaining unresolved uncertainty in the seismic

source specifications that strongly influences estimated ground motions at the dam. The spatial

distribution of hypocenters favors a dip of 35° (Section 3). The few well-constrained focal

mechanisms have widely ranging normal-faulting dips from 30° to 60°. The emergence of a

relatively new normal fault several km west of the large-scale Teton fault with a steep dip of 60-

70° (Section 2) suggests that the current large-scale Teton fault may be approaching unfavorably

low dips for continued normal faulting. Thus, the only available information specific to the Teton

fault argues for a fault dip of 35° to 40°. In lieu of any other specific information about the dip of

the Teton fault at depth, a fault dip of 35° is considered the most reasonable estimate for the

northern Teton fault segment. More specifically, higher dips are not considered reasonable

estimates. Since the global normal-fault database allows for dips ranging from 25° to 70°,

appealing to dips found on other normal faults as evidence for what the dip on the Teton fault

“should be” are not compelling or informative. Obviously, if new information becomes available

to show that the northern Teton fault segment has dips of 45° or greater, then seismic loadings for

Jackson Lake Dam will need to be revised. For now the ground motions estimated using a Teton

fault dip of 35° are recommended for dynamic analyses of Jackson Lake Dam.

Purely empirical Green’s function approaches were used in Sections 7.4 and 7.5 to produce

ground motion estimates independent of the hybrid Green’s function method in Section 6. Section

7.4 and 7.5 demonstrated acceleration responses similar to those estimated in Section 6 were

obtained using completely different rupture models and purely empirical Green’s function. The

results of Sections 6 and 7 unequivocally demonstrate that unusually large > 1 s accelerations are

likely to occur at Jackson Lake Dam in response to large earthquake on the northern Teton fault

segment and that such amplitudes are likely to exceed the largest > 1 s accelerations recorded to

date and durations may exceed the longest durations associated with M ~7 earthquakes. Expected
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felt durations within the low-velocity basin are likely to extend to 1.5 to 3 minutes, durations

normally only associated with sites relatively close to M > 8 subduction zone earthquakes.

Ground motions from the 1979 M 6.5 Imperial Valley earthquake provide empirical precedent for

the large acceleration responses estimated at Jackson Lake Dam. However, the low-velocity basin

and fault configuration at Jackson Lake Dam are likely to produce more extreme long-period

acceleration than observed in Imperial Valley based on first-principles analyses of wave trapping

(Figure 7-86). 

The production of shear-waves at the basin edges, as inferred in the analyses in Sections 4 and 5,

in addition to basin-edge surface waves, significantly contributes to the broadband ground motion

hazard at the dam. The findings in Sections 4 and 6 are similar to Spudich and Iada (1993). They

showed that shear-waves are produced at basin-edges of Coachella Valley, California, low-

velocity basin and become strong secondary arrivals in the basin at a site 8 km from the basin

edge. Similarly, Frankel et al. (1991) found that shear arrivals persisted for 8 s after the initial

shear-wave arrival in the Santa Clara Valley low-velocity basin. The combination of strong

conversion of shear-waves and surface waves at the low-velocity basin edges and likely shear-

wave and surface wave resonances in the low-velocity basin, as demonstrated by the EGF ground

motions simulations, suggest that the very-broad-period large amplitude acceleration responses in

Figures 7-83 and 7-84 are credible expectations at Jackson Lake Dam.

Using a reference station located outside the low-velocity basin in Mexico City, Kawase and Aki

(1989) showed that the inclusion of a shallow soft basin within a much larger basin ~10 km long

is required to explain the extraordinary durations of ground motions observed in Mexico City

from the 1985 Michoacan earthquake. The long durations were a product of two distinctive

phases, the first associated with the reverberations of incident body waves, and the second phases

consisting of surface waves. However, at Jackson Lake Dam the JLDW rock site inside the large-

scale low-velocity basin exhibit durations only modestly less than durations at the JLDW soil site

within the shallow very-low-velocity basin. Thus, there must be some fundamental differences

between the physical properties of the large-scale low-velocity basins at Jackson Lake and

Mexico City. More importantly, there appears to be a parasitic interaction of nearly-identical-
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period resonant responses between the soil basin containing the embankment portion of the dam

and the large-scale low-velocity basin for periods of 1-2 s.

The Jackson Lake low-velocity basin appears to have more abrupt basin-edges (steeper dips) than

Mexico City and stronger impedance contrasts, which appears to more effectively trap energy

than the large-scale basin beneath Mexico City. Thus, unlike the case found by Kawase and Aki

(1989) in Mexico City, where very long-durations of > 80 s were limited to sites located in low-

velocity lake sediments embedded in the larger low-velocity basin, it appears that even sites

located on relatively high-velocity compacted till (~1 km/s shear-wave velocity) in the Jackson

Lake low-velocity basin are likely to experience durations exceeding 80 s. The effect of the very-

low-velocity basin containing the embankment section of Jackson Lake Dam is to strongly

amplify accelerations for periods > 1 s, increase dynamic strains by decreasing coherence with

increasing periods, and to prolong strong motion durations to several minutes. Since strong

nonlinear damping of accelerations is generally limited to periods < 1 s (Archuleta, 1998;

Archuleta et al., 2000; Bonilla, 2000), strong amplification of > 1 s period accelerations by the

very-low-velocity shallow sedimentary basin beneath the embankment portion of Jackson Lake

Dam appears likely for M ~7 earthquakes on the Teton fault. Phase velocities of basin-edge shear-

waves and surface waves within the embankment portion of the dam are likely to be much lower

than assumed in Chen and Harichandran (2001) which would lead to larger embankment stresses

and foundation associated with three-dimensional variations of dynamic strains than calculated by

Chen and Harichandran (2001). In particular, limited coherence calculations suggest that along-

axis differential displacements between the concrete and embankment sections of > 50 cm are

likely to persist for 10-20 s and that differential displacements > 20 cm may persist for > 60 s.

The broadband empirical Green’s function ground motions suggest that the rock ground motions

in Section 6 underestimate acceleration responses for periods ranging from 0.8-2 s on the

horizontal components, overestimate vertical responses for periods > 2 s, and underestimate the

total duration of strong ground shaking. The local and regional broadband EGF’s identified a

serious ground motion characteristic that was not revealed in the analyses in Section 6. For

seismic energy incident into the low-velocity basin from azimuths north of the dam, the

fundamental resonant periods are virtually identical for the large-scale low-velocity basin and the
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very-low-velocity soil basin containing the embankment portion of the dam. Consequently, the

long-duration resonances continuously re-energize the soil resonances for several minutes at

periods > 1 s. Since accelerations for periods > 1 s are likely to be amplified by nonlinear dynamic

modulus degradation of soils (Archuleta et al., 2000; Bonilla, 2000) the embankment may be

subjected to several minutes of strong ground shaking. It is not possible to credibly quantify

expected ground motion amplitudes or durations using the regional larger magnitude earthquakes

because it was not possible to install the broadband reference seismographic stations outside the

low-velocity basin necessary to identify and account for the relative proportion and amplitudes of

body and surface waves incident into the low velocity basin. Consequently, considerable

uncertainties remain about the expected duration and intensity of ground-shaking at Jackson Lake

Dam.

Appropriate specification of soil input motions for the embankment portion of the dam is a

difficult issue. The investigations in Section 5 show that 1D vertically-incident propagators will

not adequately represent soil responses, so use of rock site JLDW motions as input to nonlinear

calculations is inappropriate. Probably the best way to specify input motions for dynamic analyses

of the embankment section of the dam is to limit engineering foundation models to a maximum

depth of 30 m with no significant impedance contrasts within the foundation material, and use the

JLD3 motions scaled by 0.5-0.6 as input at 30 m depth in the nonlinear engineering model. This is

necessary between no 2D or even 3D FEM model of the foundation will include the 3D

reverberation amplitude and duration responses using the JLDW motions as inputs. The JLD3

synthetic motions produced using the M 5.2 Idaho earthquake EGF’s provide one reasonable

ground motion scenario (Figures 7-53, 7-55, 7-57). However, it is imperative to also use a ground

motion scenario that includes the double resonance responses produced by energy arriving from

north of the dam. The JLD3 synthetic motions from the M 4.6 Yellowstone EGF’s are likely

corrupted by significant whole-path surface wave responses and without an broadband recordings

outside the basin there is no quantitative basis to adjust the synthetic motions. The M 3.2 20 Nov.

2002 earthquake is close enough to the Teton fault that there are surface waves are appropriately

scaled. Unfortunately station JLD3 was no longer operating when this earthquake was recorded at

JLDW. Consequently, there are no empirical soil records available to represent the duration of

expected ground shaking and parasitic double basin 1-2 s amplified acceleration responses along
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the embankment section of Jackson Lake Dam for seismic energy incident from the north. The

regional earthquake EGF’s ground motion results suggest that JLD3 responses are starting to

approach durations of M ~8-9 subduction zone earthquakes.

In principal it would be possible to calculate coherence between rock sites JLDW and  JLD2, and

soil sites JLD3 and JLD5. However, in practice the stations are either very close together (< 30 m)

and straddle the dam, or are located more than 200 m apart. Instead of calculating coherence, the

differential displacements between rock site JLD2 located near the northern end of the concrete

section of the dam and soil site JLD3 using the M 5.2 Idaho, EGF’s are shown in Figure 7-87.

These difference displacements provide a rough idea of the minimum expected differential

movements between the concrete section and the embankment section located about 200 m north

of site JLD2 and the duration of differential movements. Positive differential displacements for

the north horizontal correspond to along-axis extension. Maximum extensional along-axis

differential displacements exceed 50 cm (Figure 7-87) and extensional along-axis differential

displacements exceeding 20 cm persist for at least 60 s. 
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Figure 7-87:  Differential displacements between sites JLD3 and JLD2 for a M 7.1 northern Teton fault 
segment earthquake.  The M 5.2 Idaho, EGF’s were used to synthesize ground motions at each site. 
The EGF’s implicitly contain the propagation delays for the incident wavefield for azimuths near 
~210°. A much wider variety of incident azimuths occur during an actual large earthquakes on the 
Teton fault, so this scenario likely represents lower bounds on peak differential displacement.
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 8.0   CONCLUSIONS

This report provides a detailed characterization of the ground motions that might affect Jackson

Lake Dam due to a large earthquake on the Teton fault. These ground motion results are intended

as inputs for engineering analyses of the stability of the dam during large earthquakes as part of an

overall risk assessment for Jackson Lake Dam. Advances in the understanding of strong ground

motions over the past decade have accrued due to the recording of several large earthquakes and

research efforts to understand the seismic source, propagation, and site effects that produce and

influence recorded ground motions. These efforts have lead to the development of improved

methods of estimating and predicting strong ground motions at sites such at Jackson Lake Dam.

These new data and approaches highlight the importance of geologic structure, basin geometry

and properties, and site response to at-site ground motion estimation.

Large-scale crustal velocity structure and source radiation strongly influence the amplitudes and

durations of ground motions at Jackson Lake Dam. Ground motions are synthesized for a variety

of magnitudes and source geometries to quantify peak ground motions scaling and variability

associated with earthquake rupture scenarios postulated for earthquakes on nearby Teton fault

segments. Rupture of the northern Teton fault segment is likely to produce a M 6.9 earthquake for

a dip of 60° and M 7.0 for a dip of 45° (M 7.0 is also used for a dip of 35°), based on moment

fault area relations of Wells and Coppersmith (1994). Rupture of the northern and southern Teton

fault segments in a single fault rupture increases M by ~ 0.2-0.3 based on moment fault area

relations of Wells and Coppersmith (1994). Rupture of the northern segment for dips of 35° and

45° involves fault rupture directly beneath the dam. Impacts of 3D crustal velocity structure are

substantial and much of the strong motion modeling effort was devoted to accounting for the

influences of 3D velocity heterogeneity on ground motion amplitudes and durations and

evaluating the influence of fault dip uncertainties on ground motion characteristics. Ground

motion modeling revealed that source characterization, particularly the assumed dip of the Teton

fault, strongly influenced peak ground motions and ground motion durations. Consequently,

significant geological and geophysical subtasks were required to estimate ground motions at the

dam. These include 1) geologic source characterization of the Teton fault, 2) analyses of

seismicity in the region of the Teton fault and Jackson Lake Dam, 3) analyses of the hangingwall

crustal velocity structure and seismic response, 4) empirical site response analyses based on
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specific foundation conditions and recorded data at Jackson Lake Dam, and 5) development of

ground motion results from the Teton fault for Jackson Lake Dam considering the integrated

results of the previous tasks. As a final step, these results are portrayed in a simplified

probabilistic framework to facilitate their input to Reclamation risk assessments for Jackson Lake

Dam. Analyses of data from the Jackson Lake Seismic Network (JLSN) and from site-response

instrumentation operated at Jackson Lake Dam between 1996-2002 in conjunction with the JLSN

are major inputs of most of these subtasks.

8.1  Teton Fault Slip Rates

For the ground motion analyses, existing data have been used as the basis for defining the source

characteristics of the Teton fault in the ground motion modeling and as the basis for estimating the

probability of the modeled results. Fault scarps on Quaternary deposits indicate the locations of

the most recently active fault traces and show the variations in slip along the length of the fault.

Maximum slip rates on the Teton fault appear to be in the range of 2 to 5 mm/yr along sections of

the fault that are located to the west and southwest of Jackson Lake. Estimated slip rates decrease

significantly to the north along the west shore of Jackson Lake and the late Quaternary extent of

the fault appears to terminate just north of Jackson Lake near Steamboat Mountain. Slip rates

decrease more gradually south of Jackson Lake and the southern limit of late Quaternary fault

ruptures appear to be in the Phillips Canyon area, west of the town of Jackson. The largest

uncertainty in characterization of late Quaternary slip rates along the Teton fault is uncertainty in

the age(s) of faulted and unfaulted deposits along the fault trace. The limited detail of the existing

geomorphic mapping of the Teton fault scarps and deposits along the range front results in at least

a factor of 2 uncertainty in slip rate estimates for the fault. These same limitations also mean that

the existing data are not sufficient to determine whether the Teton fault is segmented or to define

in detail the extent of any individual paleoseismic ruptures which could be used as proxies for slip

distribution or extent in ground motion models. Because of the absence of detailed data on fault

segmentation for the Teton fault, three alternative fault rupture models are considered. These

models consider a range of fault rupture segmentation from a highly segmented fault which

ruptures in sections that are typically 20-25 km in length to a full rupture of the entire 60-km long

fault. Among these models, mean average recurrence intervals for a large surface-rupturing

earthquake, M ~7, on the Teton fault range from about 700 years to about 2000 years. The mean
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average recurrence interval for a large surface-rupturing earthquake on the Teton fault from the

weighted combined models is about 1180 years.

8.2  Teton Fault Dip

The assumed dip of the seismogenic, late Quaternary Teton fault is a highly significant input to

the modeled ground motions at Jackson Lake Dam. Lower fault dips result in stronger radiation of

seismic energy due to the closer proximity of the rupture surface beneath the dam, greater

excitation of the low-velocity crustal basin on the hangingwall of the fault, and imply potentially

larger seismic moment release due to the larger areas of the fault plane within the zone of brittle

fault rupture. There is little direct data to constrain the dip of the late Quaternary Teton fault in

northern Jackson Hole. Most previous studies have portrayed a fault dip near 60° (see review by

Byrd et al., 1994), although Behrendt et al. (1968) suggested a much lower dip. Recent analyses

and compilations of data from large normal-faulting earthquakes, including the 1959 Hebgen

Lake and 1983 Borah Peak earthquakes, have suggested that there is a marked preference for fault

planes associated with these earthquakes to have dips near 45°, but with a significant spread over

a range of 30-60° (e.g., Thatcher and Hill, 1991; Collettini and Simpson, 2001). The results of

Behrendt et al. (1968), which indicate a possible intrabasin trace of the Teton fault that lies east of

the late Quaternary, currently seismogenic trace, are further evidence that the lower bound for the

dip range of the presently active trace is greater than about 30°. 

The relative paucity of earthquakes that could be associated with the Teton fault at depth do not

provide strong constraints on fault dip. Focal mechanism solutions of earthquakes located east of

the surface trace of the Teton fault dips have east-dipping nodal planes that dip from 25° to 60°.

There are too few earthquakes located east of the Teton fault, with far too limited spatial coverage

to provide a strong constraint on fault dip, although the spatial distribution of earthquakes is

consistent with dips of < 50°. 2D finite-difference modeling of two microearthquakes in Section 4

suggests that the Teton fault dips 40°-50°. Waveform modeling of more of the earthquakes located

east of the Teton fault may provide better constraints on Teton fault dip at depth and 3D basin

velocity structure than are currently available. The emergence of a relatively new normal fault

several km west of the large-scale Teton fault with a steep dip of 60-70° (Section 2) suggests that

the current large-scale Teton fault may be approaching unfavorably low dips for continued normal
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faulting. Thus, the only available information specific to the Teton fault argues for a fault dip of

35° to 40°. In lieu of any other specific information about the dip of the Teton fault at depth, a

fault dip of 35° is considered the most reasonable estimate for the Teton fault. Ground motions

models of the Teton fault used dips of 35°, 45°, and 60° to ascertain the sensitivity of estimated

ground motions to fault dip. 

8.3  3D Crustal Velocity Structure

The Jackson Lake Seismic Network and Jackson Lake Dam site-response data were necessary to

constrain the 3D velocity structure near the Teton fault and the dam to develop realistic ground

motion estimates for the dam. These microearthquake data were used to develop a large-scale 3D

velocity using P-wave arrival times in a 3D velocity-hypocenter inversion. This 3D velocity

model was modified and extended to include S-wave information to reproduce site-response

ground motions from three microearthquakes located near the western, northern, and southern

limits of the northern Teton fault segment and the large-scale 3D low-velocity basin containing

the dam. The low-velocity basin is ~3-4 km deep at its deepest point and its boundaries have large

velocity discontinuities relative to the relatively high-velocity basement rocks that surround the

low-velocity basin. The 3D low-velocity basin velocity structure was developed using seismic

refraction data (Behrendt et al., 1968; Byrd et al., 1994) and modeling of microearthquake ground

motions at the dam. It allows full development of basin edge-refracted shear wave and multiple

free-surface-bounce-refracted arrivals observed in the site-response recordings at the dam. These

various shear-wave arrivals form complex, long-duration wavetrains following the direct shear

arrival by 3-5 s, and that persist for 15-20 s, depending on the distance of the dam from the

excited margin of the basin along the great circle path to the epicenter. The relatively strong

velocity discontinuities between the low basin velocities and the surrounding high velocity

medium are required to reproduce strong shear-wave arrivals that follow the direct shear-wave by

3-7 s in the weak ground motions recorded at the dam. 2D viscoelastic finite-difference modeling

of microearthquake ground motions and site response investigations were used to construct

relationships between P- and S-wave velocities and P- and S-wave quality factors (Qp and Qs,

respectively). 
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The seismogram modeling of microearthquakes in Section 4 showed that 3D velocity-model

Green’s functions are necessary to simulate ground motions within the LVB, not just to obtain

realistic durations, but to include the constructive interference effects of coherent secondary

sources, like LVB-edge S waves. Empirical Green’s functions may underestimate 1-4 Hz

responses because the coherent LVB-edge S-waves are probably not adequately represented by

the eight empirical Green’s functions used in Section 6. Near-surface ground motion amplitudes

may be very large along the western margin of the LVB due to rupture directivity. Thus, material

nonlinearity may occur at the LVB edges; nonlinearity may modify LVB-edge S-wave and

surface-wave contributions to LVB ground motions. It may be important to conduct 2D P-SV

plane-wave experiments using nonlinear finite-difference or finite-element codes to ascertain if

near-surface, LVB-edge nonlinearity substantially influences ground motion durations and

amplitudes within the LVB.

Since the majority of ground motions used to develop ground motion attenuation relations are

from California, it’s important to recognize the significant differences between the crustal

velocity structure near the Teton fault and typical California crustal velocity structure.

Near-surface P-wave velocities are ~6 km/s near the surface adjacent to the Teton fault. In

southern California, P-wave velocities of 6 km/s are typically not encountered until depths of 5-10

km (Hauksson and Haase, 1997). High basement velocities extending to near the surface in the

vicinity of the Teton fault translates into very large velocity contrasts between the LVB and

surrounding basement rocks, particularly along the western half of the LVB. Thus, even though

LVB S-wave velocities are similar to California “rock” or NEHRP site B S-wave velocities (> 720

m/s), the JLDW rock site behaves more like California stiff-soil site with S-wave velocities of

300-to-600 m/s, than a California “rock” site. The large velocity contrasts between the LVB and

the basement rock makes the LVB a strong collector of radiated seismic energy (Figure 4-7a),

which produces unusually long observed durations at the dam (Section 5) and amplification of

ground motions within the LVB. 

There are significant caveats concerning the 3D velocity model, particularly the large-scale

low-velocity basin that contains the dam. First, while the strong velocity contrast between the

basin and the surrounding medium reproduce overall amplitude and duration characteristics of
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weak ground motions recorded at the dam, these are the only data that constrain this aspect of the

velocity model. The total depth of the basin probably has at least 1 km uncertainties and the

overall 3D shape and roughness of the bottom of the basin are poorly constrained by the data

analyzed to date. The 2D finite-difference modeling suggested that strong correlated-random

velocity variations may exist in the basin, but the velocity model used to estimate ground motions

at the dam has no randomization of basin velocities. The only randomization was applied to the

medium outside the low-velocity basin in the form of vertical velocity oscillations with

wavelengths of ~1 km that are strongest in the highest velocity gradient portions of the model

outside the low-velocity basin. More sophisticated velocity randomizations (O’Connell, 1999a) of

the 3D velocity were not pursued because that would have exceeded the logistical constraints of

the investigation. Since the basin strongly influences peak ground motion scaling and durations at

the dam, the uncertainty in the 3D crustal velocity model may be a significant source of ground

motion estimation uncertainty at the dam.

8.4  Soil Site Response

Weak-motion site response was measured at Jackson Lake Dam using an array of seven

broad-band seismometers. Key observations are the presence of substantial long-period

amplification and prolonged duration of shaking beyond some transition point located between

stations 13+00 and 24+00; minimal long-period amplification at stations 12+00 and less,

referenced to a bedrock site on the right abutment; and, high-frequency de-amplification on

treated sections of the north embankment referenced to a site just outside of the treated zone.

Strong ground motions at stations 13+00 and greater are expected to behave non-linearly. The

observed weak-motion site response must be modified to account for non-linear soil behavior.

The observed site response at station 24+00 is consistent with the 2-D and 3-D response of a

sedimentary basin, and likely results from the generation of surface waves, converted phases, and

interface waves. These effects are not accounted for by 1-D models. However, available computer

codes for estimating non-linear soil behavior are based on propagating an incident body wave

(typically a horizontally polarized S wave) through a 1-D soil column. In order to permit use of

1-D non-linear soil response computer codes, while preserving the observed 2-D and 3-D effects

of prolonged duration and long-period amplification, the weak-motion impulse response is
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modified for input to the non-linear soil response codes at a selected reference depth. There is

considerable uncertainty in this method because the reduction of the convolved surface motions to

a reference depth cannot accurately account for the depth dependency of surface waves and

converted phases.

As discussed in section 5-2, we don’t know the precise location of the transition in site response

observed between stations 13+00 (JLD2) and 24+00 (JLD3-5). Based on drilling and geophysical

logging, we would expect the transition to be near 14+00, although this is not certain. Thus

engineering analyses for stations at 14+00 or greater should use the JLD3 response, and stations

less than 14+00 should use the JLD2 response.

2D synthetic seismogram modeling of the soil response data show that the extended ground

motion durations observed at the surface are likely associated with a mixture of refracted

S-waves, and horizontally propagating surface and interface waves. For shallow depths of 0 m to

20 m the largest accelerations after the near-vertical incidence S-wave direct and reflected arrivals

consist of a mixture of refracted S-waves and broadband Rayleigh wave Airy phases. For the

portion of the dam located within 1.5 km of the southern glacial scour and depths of 30 m and

larger, the largest accelerations after the near-vertical incidence S-wave direct and reflected

arrivals are associated with refracted S-waves. At distances > 1.5 km from the glacial scour

boundary, the Stonely wave produces the largest accelerations for depths of 30 m and larger. The

influence of soil nonlinearity on the amplitudes of these interface waves is unknown, although the

continued existence of the free surface and internal velocity discontinuities during modulus

degradation suggests that these phases will persist as soils respond nonlinearly. Since a significant

amount of energy is propagating horizontally at depths of up to 50 m, it is necessary to account for

this significant seismic energy in 1D vertical-incident SH nonlinear simulations of nonlinear soil

effects, since the existing codes do not simulate the production of these observed phases.

Consequently, it is necessary to include the extended durations in the 1D nonlinear inputs to

account for observed, broadband, strong-amplitude extended soil response durations, as discussed

in Section 6. 

The 2D synthetic seismograms show that there is a critical distance range from the southern

margin of the glacial scour where peak horizontal acceleration responses are likely to be amplified
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relative to most of the embankment section of the dam. This amplification is associated with the

constructive interference of the scour basin-edge interface waves, particularly the broadband Airy

phases, but also the Stonely wave, with the direct, reflected, and basin-edge refracted S-waves.

The critical distance of maximum amplification is a function of the sediment velocities, which

limited geophysical measurements (Sirles, 1986) show vary vertically and laterally from near the

southern glacial scour margin and the borehole located between stations JLD3 and JLD6. There

are no geophysical velocity measurements or ground motion recordings between stations JLD2

(modest amplification) and station JLD3 (strong amplification). Although the 2D velocity model

does not contain all the complex features of the glacial scour geometry inferred in Section 2, the

2D finite-difference synthetic results indicate that it is likely that amplifications stronger than

those measured at stations JLD3 and JL6 probably occur somewhere between stations JLD2 and

JLD3 (along the tallest portion of the embankment section of the dam). Due to the lack of

sediment S-wave-velocity information between stations JLD2 and JLD3, it is not possible to

indicate the position or magnitude of the additional amplification relative to station JLD3. It is

important to understand that the amplification responses at JLD3 are unlikely to represent the

maximum amplification along the embankment portion of the dam between stations JLD2 and

JLD3.

The glacial scour S-wave velocity structure at the dam is very similar to the Valley of Mexico in

Mexico City (Bodin et al., 1997), except that low-velocities extend ~20 m deeper at Jackson Lake

Dam. In the Valley of Mexico, monochromatic, large-amplitude ground motions have durations of

~250 s for M > 6.5 seismic sources located > 200 km from the site (Lomnitz et al., 1999). In

contrast, the closest portion of the Teton fault is located ~10 km from Jackson Lake Dam.

However, the Valley of Mexico is probably significantly longer and wider than the glacial scour

basin at Jackson Lake Dam, although the total extent of the glacial scour basin north of the dam is

unknown. Consequently, it is likely that the durations in the central portion of the Valley of

Mexico would be somewhat longer than at Jackson Lake Dam because the propagation times

from the edges of the very-low-velocity basin to the basin interior would be longer. In contrast,

the S-wave soil velocities are slower and thicker than those found in the Marina District of San

Francisco, which suffered extensive damage during the M 6.9 1989 Loma Prieta earthquake. The

earthquake was located about 90 km away, yet the Marina District exhibited amplification and
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extended durations associated with shallow basin response (Graves, 1993). In the Marina District,

near-surface S-wave velocities are ~200 m/s (Graves, 1993), about twice the S-wave velocities in

the soil section of Jackson Lake Dam. Using a 3D basin velocity model, Graves (1993) was able

to reproduce long ground motion durations and amplification of aftershocks recorded in the

Marina District basin. The lower soil S-wave velocities at Jackson Lake Dam make it likely that

ground motion durations at the dam will be at least double those observed in the Marina District.

8.5  Ground Motion Estimation

The viscoelastic 3D finite difference methods of Graves and Day (2003) and P.C. Liu (pers.

comm.) were used to calculate ground motions for frequencies < 1 Hz and empirical Green’s

functions (EGF) extracted from the Jackson Lake Dam site-response array were used to simulate

ground motions for frequencies > 1 Hz. Broadband strong ground motions were produced by

blending the 3D finite-difference motions with the high-frequency EGF motions over transition

frequency band centered at 1 Hz. Viscoelastic 3D finite difference methods are used for

forward-modeling ground simulations of single and multiple segment finite-fault rupture of the

Teton fault using the method of P.C. Liu (pers. comm). The reciprocity approach of Graves and

Wald (2001), updated as per Graves and Day (2003) to provide a realistic approximation for

damping, was used to calculate 3D Green’s functions for grids of point sources distributed on the

six fault segments used to evaluate ground motions associated with earthquakes on the Teton

fault. 

In theory there is no reason EGF’s could not be used to produce broadband ground motions. In

practice, ambient background noise precludes using EGF’s for frequencies substantially < 1 Hz. A

total of eight microearthquake three-component seismograms obtained from site-response stations

in the vicinity of Jackson Lake Dam were used to produce EGF’s for ground motion simulations

corresponding to earthquake ruptures on the northern Teton fault segment. Seven seismograms

were obtained from station JLDW, located on the south abutment of the dam. The EGF’s

earthquakes were selected because of their proximity to the northern segment of the Teton fault.

several of the earthquakes conceivably are located on the Teton fault; the uncertainties in fault dip

and hypocenter locations precludes definitive assignment of these earthquakes to the Teton fault.
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Ground motion estimation efforts focused on developing ground motion estimates for rock

conditions on the south abutment and soil responses at 140 m depth below the embankment

section of the dam for scenario earthquakes on the northern segment of the Teton fault. A limited

number of multi-segment ground motion simulations were used to establish that the southern

Teton fault segment increases the duration of ground shaking at the dam by 10-20 s, but does not

substantially increase ground motion amplitudes. Consequently, detailed ground motion modeling

focused on ground motion associated with earthquakes on the northern Teton fault segment.

A kinematic rupture model is used that mimics the spontaneous dynamic rupture behavior of a

self-similar stress distribution model. Self-similar effective stresses (and slip velocities) are

generated over the fault with rise times that are inversely proportional to effective stress. The

kinematic model used here produces slip models with 1/k2 distributions consistent with estimates

of earthquake slip distributions (Somerville et al., 1999) and ω2 displacement spectra in the

far-field. Effective stress correlation lengths were increased by 33% relative to the M 6.7

Northridge rupture simulations of O’Connell et al. (2001) to be consistent with the empirical

relations of Somerville et al. (1999), that indicate that asperity size increases with magnitude.

Rupture velocities were allowed to vary over a wide range (between 0.6*β to 1.05*β) to allow

rupture directivity caustics to develop, and to produce variable rupture times. Effective stresses

average 30-40 bars, consistent with stress drops typically associated with normal-faulting

earthquakes. Rise times average 2-3 s and combined with average slips of 2-3 m, produce average

slip velocities on the fault of ~ 1 m/s.

There is no direct evidence to constrain the dip of the northern segment of the Teton fault beyond

placing “reasonable limits” of 35° to 60°. Consequently, ground motions were simulated for dips

of 35°, 45°, and 60°. Several thousand earthquake rupture simulations were performed for each

fault dip to estimate strong motion variability associated with uncertainties in earthquake rupture

behavior. Resulting ground motions were sorted by response spectral ordinate, and the parameters

listed in Table 8-1, to produce mean and 84 percentile ground motion estimates for each discrete

value of fault dip. These results were compared to the empirical relations of Spudich et al. (1999)

for strike-slip/normal faulting ground motions. A significant caveat is that there are NO strong

motion recordings of M > 6 normal-faulting earthquakes for a hanging wall site located < 12 km
Jackson Lake Dam 426
Ground Motion Evaluation



FINAL REPORT June 13, 2003
from the fault in a low-velocity basin. The “empirical relations” of Spudich et al. (1999) use

reduced amplitude strike-slip data as a proxy for nonexistent normal faulting data.

A number of ground motion quantities are reported for mean and 84% results, including peak

velocity, Arias Intensity, and cumulative kinetic energy. Two durations are reported both defined

by the duration of motion from the 5% quantile to the 95% quantile of either Arias Intensity or

cumulative kinetic energy. The ground motions from the 35° dip scenario (Table 8-1) have the

largest peak motions and longest durations because this fault configuration produces the

maximum fault area and the largest fault area beneath the dam. Also, the fault is closest to the

dam for a dip of 35°. The peak velocities are very large reflecting a significant amount of rupture

directivity compounded by the amplifying responses of the large, low-velocity basin.

Corresponding mean and 84% acceleration response spectra for JLDW are shown in Figures 8-1

and 8-2, respectively. The synthesized ground motions are much more similar to the Spudich et al.

(1999) soil responses than the rock responses (Figures 8-1 and 8-2), both in terms of period

content and amplitude. The synthesized ground motions have much stronger responses for periods

> ~1.5 s than the empirical predictions, consistent with the first-order influences of the large,

low-velocity basin on “rock” ground motions at the dam. Similarly, the synthesized shortest

period motions (< 0.4 s) are somewhat lower than SEA99 soil responses, because even the rock

conditions at Jackson Lake Dam attenuate higher frequencies more strongly than typical

Table 8-1: Ground Motion Parameters for a 35°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

Downstream mean 146 6.2 10,928 15.1 21.2

Downstream 84% 201 9.3 15,343 17.7 27.9

Cross canyon mean 102 3.5 9,111 18.5 21.2

Cross canyon 84% 135 5.1 14,154 21.4 26.3

Vertical mean 125 2.4 11,233 16.5 14.3

Vertical 84% 147 3.4 15,709 20.1 16.9
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California soil sites.    Corresponding results for dips of 45° and 60° are shown in Tables 8-2 and

8-3. 

Of particular note is that mean peak velocities exceed 90 cm/s for all dip scenarios. Mean 45°-dip

response spectra are closer to SEA99 soil results than rock results (Figure 8-3), but 84% 45°-dip

response spectra (Figure 8-4) and both mean and 84% 60°-dip response spectra (Figures 8-5 and

8-6) have amplitudes more similar to SEA99 rock results, than SEA99 soil results.

 

          

Table 8-2: Ground Motion Parameters for a 45°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

Downstream mean 133 4.8 11,767 16.1 23.4

Downstream 84% 171 7.1 16,956 18.1 33.1

Cross canyon mean 111 4.0 10,063 18.5 21.8

Cross canyon 84% 155 6.1 16,010 21.1 27.4

Vertical mean 105 2.4 9,605 16.3 16.7

Vertical 84% 130 3.6 14,111 19.1 20.1

Table 8-3: Ground Motion Parameters for a 60°-Dipping Northern Teton Fault Segment.

Component Peak 

velocity

Arias 

Intensity

Cumulative 

energy

Arias 

duration

Energy 

duration

(cm/s) (m/s) (J) (s) (s)

Downstream mean 96 2.7 9,366 18.3 24.8

Downstream 84% 122 3.9 14,100 23.0 33.8

Cross canyon mean 84 2.6 5,616 19.5 26.0

Cross canyon 84% 116 3.9 8,510 22.4 36.0

Vertical mean 76 1.8 4,819 15.9 20.0

Vertical 84% 98 2.6 ,7220 18.7 28.2
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Figure 8-1:  Mean downstream horizontal JLDW rock site PSA response spectra for a 35°-dipping 
northern Teton fault segment (solid). Mean Spudich et al. (1999) (SEA99) average horizontal 
component estimates for a M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock 
(dashed) site conditions.
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Downstream horizontal N35 84%
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Figure 8-2:  84% quantile downstream horizontal JLDW rock site PSA response spectra for a 
35°-dipping northern Teton fault segment (solid). 84% SEA99 average horizontal component 
estimates for a M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site 
conditions.
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Downstream horizontal N45 mean
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Figure 8-3:  Mean downstream horizontal JLDW rock site PSA response spectra for a 45°-dipping 
northern Teton fault segment (solid). Mean SEA99 average horizontal component estimates for a M 
7.0 normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site conditions.
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Downstream horizontal N45 84%
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Figure 8-4:  84% quantile downstream horizontal JLDW rock site PSA response spectra for a 
45°-dipping northern Teton fault segment (solid).   84% SEA99 average horizontal component 
estimates for a M 7.0 normal-faulting earthquake are shown for soil (dotted) and rock (dashed) site 
conditions.
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Figure 8-5:  Mean JLDW rock site PSA horizontal response spectra for a 60°-dipping northern Teton 
fault segment.   Downstream is solid and cross canyon is gray. Mean SEA99 average horizontal 
component estimates for a M 6.9 normal-faulting earthquake are shown for soil (dotted) and rock 
(dashed) site conditions.
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Figure 8-6:  84% quantile JLDW rock site PSA horizontal response spectra for a 60°-dipping northern 
Teton fault segment.   Downstream is solid and cross canyon is gray. 84% SEA99 average 
horizontal component estimates for a M 6.9 normal-faulting earthquake are shown for soil (dotted) 
and rock (dashed) site conditions.
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The ground motion simulation approach used in Section 6 was critically evaluated by using

alternative ground motion estimation procedures and by confirming that the kinematic rupture

model reproduces near-source ground motions from the M 6.7 1994 Northridge earthquake.

Near-source ground motions from the M 6.5 1979 Imperial Valley earthquake are consistent with

unusually large long-period acceleration responses predicted for Jackson Lake Dam. The > 0.4 g

> 2 s period acceleration responses observed at stations in the low-velocity basin in Imperial

Valley indicate that the large (> 0.5 g) > 2 s period acceleration responses predicted for Jackson

Lake Dam are not without precedent. Considering the more extreme impedance contrast between

the low-velocity sediments and the basement at Jackson Lake Dam relative to Imperial Valley, the

large (> 0.5 g) > 2-s-period acceleration responses predicted for Jackson Lake Dam make physical

sense, particularly with respect to the incidence angle criteria of Somerville et al. (2003) for

predicting the amplification of long-period motions in low-velocity basin. Broadband empirical

Green’s function investigations in Section 7 confirmed that unusually large accelerations are

likely to occur at the dam for periods > 1 s on the horizontal components and for periods

extending to 2 s on the vertical component. The broadband EGF ground motions revealed a

double parasitic resonance (both the soil and the low-velocity basin are resonating at the same

period) for the embankment portion of the dam for periods of 1-2 s for seismic energy arriving

from north of the dam. This double resonance strongly amplifies the soil accelerations for periods

> 1 s and increases the duration of strong ground shaking to several minutes.

Since the peak ground motions are strongly dependent on the assumed dip of the Teton fault, it is

necessary to decide which dip scenario is most representative of expected ground motions at the

dam. As discussed in Section 2, worldwide M > 5.5 earthquake data for normal-faulting

earthquakes indicate that normal-fault dips of ≤ 50° comprise 76% of the normal-faulting

earthquakes (Collettini and Sibson, 2001). The focal mechanism data in Section 3 allow for a

Teton fault dip of 25° to 60°, but do not place strong constraints on fault dip. As discussed in

Section 4, detailed waveform modeling of two earthquakes suggest that the northern Teton fault

segment dips < 50°. The local and region evidence for normal-faulting dip suggests that the 35°

and 45° fault dip ground motion scenarios represent the most likely dip scenarios for the Teton

fault. In view of the lack of any definitive information indicating that the northern Teton fault

rupture segment dips > 50°, the 60° fault dip ground motion scenarios are discounted for the
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purposes of recommending ground motions for dynamic analyses of Jackson Lake Dam.

Although a fault dip of 45° is plausible, the ground motions produced using a fault dip of 35° are

recommended for dynamic analyses of Jackson Lake Dam. Our judgement is that the 35°-dipping

ground motions are probably most representative of expected ground motions for faults dips <

50°, the most likely range of dips for the Teton fault, based on world-wide distributions of normal

fault dips (Section 2) and the limited inferences that can be made about Teton fault dip from

microearthquake data (Sections 3 and 4).

8.6  Rock Ground Motions for the Concrete Section

One of the probabilistic parameters requested for use in simplified engineering analyses of the

concrete section of Jackson Lake Dam was peak horizontal acceleration (PHA). Since the random

seismicity did not significantly contribute to PHA exceeding 0.5 g (see Section 3 and Wong et al.,

1999), only ground motions associated with the Teton fault were considered. Specifically, the

mean return period for large Teton fault earthquakes of 1180 years from Section 2 was used and

the median PHA (0.5 g) and 84% PHA (0.8 g) from Section 6 used to define the annual

probabilities. Two different ranges of PHA were of interest for analyses related to the concrete

section of the dam. The annual probabilities of PHA within specific requested ranges are provided

in Tables 8-4 and 8-5. It must be emphasized that PHA is the least robust and most uncertain of all

the ground motion quantities estimated for Jackson Lake Dam. There is potential for nonlinearity

in the till to modify PHA. In contrast, peak velocities are little affected by nonlinear soil responses

Table 8-4: Rock PHA for the Concrete Section, PHA Range 1.

PHA interval Annual Probability

0.2 - 0.5 g 1/2360

0.5 – 0.8 g 1/3930

> 0.8 g 1/5900
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and are robust even with substantial uncertainties in rock and soil properties. The estimates in

Tables 8-4 and 8-5 are solely intended for analyses of structures on the rock section of the dam. 

8.7  Rock Ground Motion Time Histories

Synthetic ground motion time histories that were closest to the mean (Figures 8-7 to 8-10) and

84% quantile (Figures 8-11 to 8-14) response spectra were selected to represent mean and 84%

ground motions for dynamic analyses of structures on rock. A ground motion from the M 7.9

March 13, 1985 Valpariso, Chile earthquake (Figures 8-15 to 8-18) was also recommended to

provide sufficiently long shaking durations to correspond to multi-segment rupture of the Teton

fault. While this record contains substantial peak acceleration (> 0.8 g), it has relatively small

peak velocities compared to the synthetic records. It is recommended that this record be revised to

remove some of the response for frequencies > 2 Hz, to produce high-frequency responses more

consistent with the synthesized rock site responses in Figure 8-18.                                 

The durations of the mean and 84% synthetic ground motions are lower bounds because the EGFs

were limited to durations of 13.5 s after the direct shear-wave arrival. Also, the relatively

deterministic nature of the 3D velocity model lacks correlated-random velocity variations that

exist in the crust. Consequently, the synthetic low-frequency portions of the motions are also

likely to be lower bounds on total ground motion durations. Multi-segment rupture on the Teton

fault will likely produce ground motions with 10-15 s longer > ~0.2 g durations that the motions

provided in Figures 8-7 to 8-14; this was the motivation for providing the Lleleo record.

The return periods assigned to the individual ground motion time histories reflect multiple

sources of uncertainty and natural variability. The average return period for M ~6.9-7.1

Table 8-5: Rock PHA for the Concrete Section, PHA Range 2.

PHA interval Annual Probability

0.2 -  0.65 g 1/1735

0.65 – 0.8 g 1/9830

> 0.8 g 1/5900
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Figure 8-7:  Northern Teton fault segment mean rock synthetic ground motion acceleration time 
histories.   Components are as labeled.
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Figure 8-8:  Northern Teton fault segment mean rock synthetic ground motion velocity time histories.   
Components are as labeled.
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Figure 8-9:  Northern Teton fault segment mean rock synthetic ground motion displacement time 
histories.   Components are as labeled.
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Figure 8-10:  Northern Teton fault segment mean rock synthetic ground motion acceleration response 
spectra.   Components are as labeled. Red curve is the mean 35° dip result and the blue curve is the 
60° dip result. Upper dotted curve is the Spudich et al. (1999) soil estimate for the 35° dip fault and 
the lower dotted curve is the empirical soil estimate for the 60° dip fault.
441 Report 2003-2



June 13, 2003 FINAL REPORT
Figure 8-11:  Northern Teton fault segment 84% quantile rock synthetic ground motion acceleration 
time histories.   Components are as labeled.
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Figure 8-12:  Northern Teton fault segment 84% quantile rock synthetic ground motion velocity time 
histories.   Components are as labeled.
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Figure 8-13:  Northern Teton fault segment 84% quantile rock synthetic ground motion displacement 
time histories.   Components are as labeled.
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Figure 8-14:  Northern Teton fault segment 84% quantile rock synthetic ground motion acceleration 
response spectra.   Components are as labeled. Red curve is the mean 35° dip result and the blue 
curve is the 60° dip result. Upper dotted curve is the Spudich et al. (1999) soil estimate for the 35° 
dip fault and the lower dotted curve is the empirical soil estimate for the 60° dip fault.
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Figure 8-15:  Llelleo Valparaiso, Chile, proxy for a Northern Teton fault segment rock ground motion 
acceleration time histories.   Components are as labeled.
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Figure 8-16:  Llelleo Valparaiso, Chile, proxy for a Northern Teton fault segment rock ground motion 
velocity time histories.   Components are as labeled.
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Figure 8-17:  Llelleo Valparaiso, Chile, proxy for a Northern Teton fault segment rock ground motion 
displacement time histories.   Components are as labeled.

llolleo.010_Upstream

0 20 40 60
Time

-10

-5

0

5

10
D

is
pl

ac
em

en
t (

cm
)

llolleo.100_Cross Canyon

0 20 40 60
Time

-6

-4

-2

0

2

4

6

D
is

pl
ac

em
en

t (
cm

)

llolleo.up_Vertical

0 20 40 60
Time

-10

-5

0

5

10

D
is

pl
ac

em
en

t (
cm

)

Jackson Lake Dam 448
Ground Motion Evaluation



FINAL REPORT June 13, 2003
Figure 8-18:  Llelleo Valparaiso, Chile, proxy for a Northern Teton fault segment rock ground motion 
acceleration response spectra. Components are as labeled. Red curve is the mean 35° dip result and 
the blue curve is the 60° dip result. Upper dotted curve is the Spudich et al. (1999) soil estimate for 
the 35° dip fault and the lower dotted curve is the empirical soil estimate for the 60° dip fault.
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earthquakes on the northern segment of the Teton fault is ~1180 years. Estimated return periods

and probability weights for the ground motion time histories are provided in Table 8-6. 

The Lleleo record in Table 8-6 is shaded indicated that this record is only intended for sensitivity

analyses.

A fourth ground motion from Section 7 that produced using the JLDW EGF’s from the M 5.2

Idaho, earthquake, is also recommended for dynamic analyses of the concrete section of the dam .

Figures 7-35, 7-37, and 7-39 may be the only available ground motion that provides realistic

durations and long-period amplitudes for dynamic analyses of the dam. The caveats are that due

to a lack of reference broadband recordings outside the low-velocity basin, the appropriate scaling

of the amplitudes is not known and the motions may contain overamplified surface wave

components. The broadband EGF synthetic motions provide more realistic amplitude and

durations responses than the Lleleo record.

8.8  Recommended Acceleration Seismograms for Nonlinear Soil Analyses

Weak-motion site response was measured at Jackson Lake Dam using an array of seven

broad-band seismometers. Key observations are the presence of substantial long-period

amplification and prolonged duration of shaking beyond some transition point located between

stations 13+00 and 24+00; minimal long-period amplification at stations 12+00 and less,

referenced to a bedrock site on the right abutment; and, high-frequency de-amplification on

treated sections of the north embankment referenced to a site just outside of the treated zone.

Table 8-6: Ground Motion Time History Annual Exceedence Probabilities

Annual probability Lower AEP 

(weight = 0.25) 

(1/yr)

Median AEP 

(weight = 0.5) 

(1/yr)

Upper AEP 

(weight = 0.22) 

(1/yr)

Mean synthetic (Figures 8-7 to 8-10) 1/4625 1/2950 1/2000

84% quantile (Figures 8-11 to 8-14) 1/11,560 1/7375 1/5000

Lleleo (Figures 8-15 to 8-18)* N/A N/A N/A

*(after record is filtered to reduce high-frequency response)
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Strong ground motions at stations 13+00 and greater are expected to behave non-linearly. The

observed weak-motion site response must be modified to account for non-linear soil behavior.

The observed site response at station 24+00 is consistent with the 2-D and 3-D response of a

sedimentary basin, and likely results from the generation of surface waves, converted phases, and

interface waves. These effects are not accounted for by 1-D models. However, available computer

codes for estimating non-linear soil behavior are based on propagating an incident body wave

(typically a horizontally polarized S wave) through a 1-D soil column. In order to permit use of

1-D non-linear soil response computer codes, while preserving the observed 2-D and 3-D effects

of prolonged duration and long-period amplification, the weak-motion impulse response is

modified for input to the non-linear soil response codes at a selected reference depth. There is

considerable uncertainty in this method because the reduction of the convolved surface motions to

a reference depth cannot accurately account for the depth dependency of surface waves and

converted phases.

The observed site responses between the rock south abutment and the deep soil portion of the

embankment portion of the dam were combined with geophysical information linear 2D

finite-difference modeling and nonlinear 1D modeling to estimate horizontal acceleration time

histories at 140 m depth. The objective was to produce representative soil ground motion

scenarios and provide acceleration time histories at ~140 m depth for use in 1D nonlinear analyses

of the soil foundation. Three scenarios were used to construct ground motions for use in nonlinear

soil calculations to bracket the ranges of possible ground motion inputs into nonlinear soils

(Table 6-5). The most likely case is a scenario where the rock responses were convolved with

JLD3 responses to obtain reasonable soil durations. However, the appropriate scaling of the

resulting responses is uncertain. Consequently, two scaling scenarios with the JLD3 responses in

Section 6 are recommended to facilitate sensitivity testing for nonlinear soil analyses. Table 8-6

provides probabilities to associate with the mean and 84% quantile ground motions. Probabilities

were not assigned to the Tabas record, which has peak velocities comparable to the mean record

and peak accelerations comparable to the 84% record and is provided for sensitivity testing

between the mean and 84% ground motions.
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Nonlinear effective-stress soil response calculations with NOAH show that near-surface Arias

Intensities and peak acceleration responses, and their associated durations are very sensitive to

input motion peak amplitudes and durations. Certain combinations of input motions produced

nonlinear soil Arias Intensity and Arias duration responses that exceeded corresponding rock

responses by a factor of six. Nonlinear soil response (modulus reduction) may increase ground

motions durations because interface phase velocities will be reduced, increasing the time required

for Airy phases to propagate from the boundaries of the glacial scour to the dam.

Probably the best way to specify input motions of dynamic analyses of the embankment section of

the dam is to limit engineering foundation models to a maximum depth of 30 m with no

significant impedance contrasts within the foundation material. Then, use simulated JLD3

motions produced using broadband EGF’s, scaled by 0.5-0.6 as input at 30 m depth in the

nonlinear engineering model. This is necessary between no 2D or even 3D FEM model of the

foundation will include the 3D reverberation amplitude and duration responses using the JLDW

motions as inputs. The JLD3 synthetic motions produced using the M 5.2 Idaho earthquake

EGF’s provide the only available ground motion scenario (Figures 7-53, 7-55, 7-57) for the

embankment section of the dam. However, it is imperative to also use a ground motion scenario

that includes the double resonance responses produced by energy arriving from north of the dam.

The JLD3 synthetic motions from the M 4.6 Yellowstone EGF’s are likely corrupted by

significant whole-path surface wave responses and without an broadband recordings outside the

basin there is no quantitative basis to adjust the synthetic motions. The M 3.2 20 Nov. 2002

earthquake is close enough to the Teton fault that there are surface waves are appropriately scaled.

Unfortunately station JLD3 was no longer operating when this earthquake was recorded at JLDW.

Consequently, there are no empirical soil records available to represent the duration of expected

ground shaking and parasitic double basin 1-2 s amplified acceleration responses along the

embankment section of Jackson Lake Dam for seismic energy incident from the north. The

regional earthquake EGF’s ground motion results suggest that JLD3 responses are starting to

approach durations of M ~9 subduction zone earthquakes.
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8.9  Appropriate Use of Ground Motions

Earthquake magnitude is sometimes used as a proxy for ground motion duration in engineering

analyses of soils. The earthquake magnitudes used to simulate ground motions at Jackson Lake

Dam from earthquakes on the Teton fault should not be used for this purpose. Due to the

proximity of the Teton fault to the LVB and glacial scour very-low-velocity basin, and the

resulting peak ground motion amplifications, extended durations, and increased Arias Intensities

of ground motions at the dam, effective magnitudes for geotechnical analyses of the seismic loads

are 7 1/2-8 for the rock ground motions, and are 8-9 for the soil ground motions. These

recommended magnitudes for soil analyses are 0.25-0.75 to 0.5-1.5 magnitude units larger than

the moment magnitudes of all-segment and northern segment rupture scenarios of the Teton fault,

specifically to account for the extended durations and amplifications of ground motions observed

at the dam (Sections 5 and 7). The most likely scenarios for soil response based on Sections 5 and

7 and nonlinear soil calculations using NOAH indicate ground motion durations of at least 80

seconds and possibly as long as 180 s for the embankment portion of the dam.

Jackson Lake Dam is > 1.5 km long and spans a wide variety of foundation materials with widely

varying S-wave velocities and straddles a region with > 10:1 S-wave velocity contrasts. These

large velocity contrasts occur between the overcompacted till (Vs ~ 1 km/s) and the soils in the

glacial scour (Vs ~ 0.1 km/s). S-wave velocities also vary both laterally and vertically within the

glacial scour region that is composed of fluvial-lacustrine deposits with Vs varying from to 0.09

km/s to 0.2 km/s (Sirles, 1986). Ground motions are likely to vary substantially, both along the

dam’s axis and in the upstream-downstream direction, because the low soil S-wave velocities

result in wavelengths nearly equal to the dam’s width at 1 Hz. Chen and Harichandran (2001)

showed that spatially varying ground motions are likely to substantially increase shear stresses in

foundation materials at the toes of an embankment dam, particularly when spatial coherence is

significantly < 1 for low frequencies. Santa-Cruz et al. (1999) showed that for low-velocity

basins, the absolute value of coherency can be substantially less than 1 for frequencies as low as

0.3 Hz, for separation distances as low as 800 m, and for frequencies as low as 1 Hz, for

separation distances as low as 100 m. Given the results of Santa-Cruz et al. (1999), and the

substantial and variable thickness of low S-wave velocity materials in the glacial scour that

comprises the foundation for the embankment section of the dam, and the strongly varying site
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responses noted in Chapter 5 from the Jackson Lake Dam site response stations, it is likely that

ground motions coherency will be substantially < 1 for frequencies as low as 0.3 Hz along the

embankment portion of the dam. Estimated differential displacements between the concrete

section and the soil section are likely to exceed 50 cm both along the dam’s axis and in

downstream shear, although the length scale over which the differential displacements will occur

is unknown.

The southern portion of the dam, consisting primarily of the concrete section, is founded on ~1

km/s S-wave velocity till and tuff. The rest of the dam is founded on ~0.1 km/s S-wave

fluvial-lacustrine deposits that increase in thickness towards the northern end of the dam. The

southern portion of the dam will shake less strongly and for shorter durations than the rest of the

dam. Consequently, the largest strains resulting from differential motions along the axis of the

dam are likely to be located in the embankment section extending from the concrete section to

station 32, where Sirles (1986) found a ~140 m thick section of fluvial-lacustrine deposits below

the ground surface. The distances between stations JLD2 near the northern end of the concrete

section and station JLD3 near station 24+00 is 356 m. For a vertically-incident shear wave, the

propagation delay at station JLD3 relative to JLD2 due to ~140 m of fluvial-lacustrine fill with an

average S-wave velocity of ~140 m/s is 0.87 s (1 s travel-time through the last 140 m for JLD3

and 0.13 s travel time through the last 140 m for JLD2). This yields a S-wave apparent velocity of

0.41 km/s, which will likely reduce S-wave coherency at low frequencies, based on the results of

Santa-Cruz et al. (1999). This is an apparent velocity 10 times smaller than considered by Chen

and Harichandran (2001) in their analyses of the influence of coherency on the dynamic analysis

of embankment dams. Since the peak velocity loads at Jackson Lake Dam are substantially larger

than considered by Chen and Harichandran (2001), and apparent velocities are much lower,

differential displacements, and correspond strains and stresses are likely to be larger at Jackson

Lake Dam than those considered in Chen and Harichandran (2001). S-wave apparent velocities

will decrease for S-waves arriving from the south (about half of the northern Teton rupture

segment, and the entire southern Teton rupture segment). S-wave apparent velocities will be

increased slightly for S-wave arrivals from north of station JLD3, but the increases in apparent

velocity will be modest.
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Uncertainties about the velocity structure and spatial extent of the glacial scour produce

uncertainties of about a factor of two in peak soil ground motions, and factor of four uncertainties

in soil ground motion durations. It is necessary to determine the wave-types that comprise the

long duration soil ground motions to determine the appropriate methods to calculate nonlinear

soil responses. Synthetic calculations in Section 5 indicate that a significant fraction of the

long-duration high-amplitude soil motions at the dam may be produced by S-waves and

horizontally propagating interface waves occurring at depth in the glacial scour basin.

Consistent with past approaches to reduce ground motion estimation biases and uncertainties

(Anderson and O’Connell, 1998; Anderson and O’Connell, 1993; O’Connell and Unruh, 2000;

Ake et al., 2002) microearthquake data from the Jackson Lake Seismic Network provided the

crucial information about the subsurface fault geometries, particularly dip of faults at depth, and

seismotectonic constraints on state-of-stress and fault kinematics, information necessary to

estimation ground motions at Jackson Lake Dam. The combination of broadband site response

stations at Jackson Lake Dam and the short-period JLSN provided empirical Green’s functions

and the ability to estimate site responses in the same manner as the site response stations in

previous studies (O’Connell and Ake, 1995; O’Connell, 1999b; O’Connell and Unruh, 2000;

O’Connell, 2001), where local seismographic networks such as the short-period Southern

California Seismic Network and the Northern California Seismic Network provided crucial

information necessary to convert site response recordings into empirical Green’s functions. The

development of site-specific ground motions using empirical Green’s functions substantially

reduced ground motion biases in several previous studies (O’Connell, 1999a, 1999b; O’Connell

and Unruh, 2000; O’Connell, 2001). For instance, site-response recordings used in conjunction

with short-period data from the Southern California Seismic Network showed that convention

approaches to estimating near-source ground motions at stiff-soil sites in southern California were

likely to strongly overpredict peak ground motions (O’Connell, 1999a). At a high-velocity

hard-rock site, broadband site-response data in conjunction with short-period data from the

Northern California Seismic Network showed that source characterization of blind thrust faults in

the western Sacramento Valley were incorrect (O’Connell and Unruh, 2000; O’Connell et al.,

2001) and that peak acceleration loads would likely be about 2/3 empirical predictions, resulting

in substantially lower final peak ground motion estimates (LaForge, 1999). Estimation of the 3D
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velocity structure of the crust and discovery of the significant impacts of 3D velocity structure on

peak ground motions and ground motion durations were made possible by the earthquake data

from the JLSN and the broadband site response seismographs at Jackson Lake Dam. The

earthquake data provided by the JLSN were necessary to fully exploit the site response

earthquake recordings to develop empirical Green’s functions and site response information for

nonlinear soil analyses. At Jackson Lake Dam, development of site-specific ground motions

increases confidence that estimated ground motions are not likely to be significantly biased. The

fact that alternative ground motion synthesis methods in Section 7 produced similar ground

motion estimates, suggests that the ground motions recommended for dynamic analyses of

Jackson Lake Dam are reasonable.

The stochastic characteristics of earthquake occurrence means that seismic monitoring may or

may not record additional earthquakes on the Teton fault. However, in previous studies the

operation of two three-component broadband instruments on the hanging wall of the Red

Mountain fault in the Transverse Ranges of southern California for less than one year produced

valuable data for constraining the downdip dip geometry of the Red Mountain fault (Anderson

and O’Connell, 1998). Adding these two three-component stations to a predominantly

short-period vertical seismographic network reduced hypocenter depth uncertainties on the Red

Mountain fault to < 1 km (Anderson and O’Connell, 1998). Of particular interest, was the

recording of numerous earthquakes < M 1.5 by these stations that went unrecorded by most of the

more distant stations in the network, and thus were not included in the earthquake catalog. Near

the Ortigalita fault along the western margin of the San Joaquin Valley, California, < 1 year of

earthquake recordings from four broadband three-component stations located near the dams

provided valuable constraints on the depth and dip of blind thrust faults below the dams that was

not available from the local short-period seismographic network operated by the California

Department of Water Resources.

Based on the significantly longer rock site durations at Jackson Lake Dam indicate that there must

be some fundamental differences between the physical properties of the large-scale low-velocity

basins at Jackson Lake and Mexico City. More importantly, at Jackson Lake Dam soil sites there

appears to be a parasitic interaction of nearly-identical-period resonant responses between the soil
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basin containing the embankment portion of the dam, and the large-scale low-velocity basin for

periods of 1-2 s, which produces unusually long sustained peak accelerations of ~0.25 g lasting up

to 70 s. The Jackson Lake Dam site responses instruments were necessary to discover the range of

ground motion responses likely to occur in a such a complex geological and geophysical setting,

particularly for the wide range of incidence angles and azimuths associated with seismic energy

radiated by the Teton fault. The value of broadband site response recordings of small earthquakes

was also demonstrated in investigations of anomalously-large peak accelerations in Santa

Monica, California, in response to the 1994 M 6.7 Northridge earthquake (Davis et al., 2000).

Davis et al. (2000) discovered a relatively small-scale crustal velocity lens that substantially

amplifies ground motions for a limited range of azimuths, including azimuths associated with

wave arrivals from the Northridge earthquake. It would be difficult and expensive to discover

such a small velocity structure using exploration geophysics methods; the earthquake recordings

were clearly the most efficient and compelling means to discover important ground motion

anomalies. An importance difference between Santa Monica and Jackson Lake Dam, is that at

Jackson Lake Dam, the broadband site-response recordings and local seismic network afforded

the opportunity to identify significant ground motion characteristics prior to the occurrence of a

large, nearby earthquake. It appears that there may be other low-velocity basins in the ISB with

characteristics similar to Jackson Lake (Zoback, 1983). Studies in other low-velocity basins in the

ISB would likely benefit from a combination of the approach used in the study and the approach

of Davis et al. (2000), by combining broadband recordings of local and regional earthquakes from

sites inside the basin and from sites located on high-velocity portions of the footwall outside the

low-velocity basin, to facilitate deconvolution of the basin responses from incident seismic

energy.
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